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Abstract A study was conducted to investigate the con-

tribution of b-cyanoalanine synthase (CAS) to the botani-

cal metabolism of free cyanide and iron cyanides.

Seedlings of rice (Oryza sativa L. cv. XZX 45) were grown

hydroponically and then amended with free cyanide (KCN)

or ferri-cyanide [K3Fe(CN)6] into the growth media. Total

cyanide, free cyanide, and Fe3?/Fe2? in aqueous solution

were analyzed to identify the speciation of K3Fe(CN)6.

Activity of CAS in different parts of the rice seedlings was

also assayed in vivo and results indicated that dissociation

of K3Fe(CN)6 to free cyanide in solution was negligible.

Almost all of the applied KCN was removed by rice

seedlings and the metabolic rates were concentration

dependent. Phyto-transport of K3Fe(CN)6 was apparent,

but appreciable amounts of cyanide were recovered in plant

tissues. The metabolic rates of K3Fe(CN)6 were also pos-

itively correlated to the concentrations supplied. Rice

seedlings exposed to KCN showed a considerable increase

in the CAS activity and roots had higher CAS activity than

shoots, indicating that CAS plays an important role in the

botanical assimilation of KCN. However, no measurable

change of CAS activity in different parts of rice seedlings

exposed to K3Fe(CN)6 was detected, suggesting that

K3Fe(CN)6 is likely metabolized by rice directly through

an unknown pathway rather than the b-cyanoalanine

pathway.
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Introduction

Elevated input of cyanide derived from anthropogenic

sources to the environment imposes significantly higher

ecological risk of ecosystems. Not surprisingly, problems

of discharge and catastrophic accidents occur repeatedly

worldwide (Korte et al. 2000; Mudder and Botz 2001). It is

evident that several cyanide-containing compounds have

been frequently detected in the environment, namely free

cyanide, weak-acid dissociable cyanide, iron cyanides, and

thiocyanate (Ebbs et al. 2008). Chemical speciation of

cyanide in the environment is variable, highly depending

on solution/soil pH, redox potential, the intensity and

spectrum of solar radiation, biological activity, and com-

munity, and the presence of organic matter etc. (Meeussen

et al. 1995; Rennert and Mansfeldt 2002; Ghosh et al.

2004). However, iron cyanides, e.g., ferro-cyanide

[FeII(CN)6]-4 and ferri-cyanide [FeIII(CN)6]-3, are the

most commonly found chemical forms in soils and

groundwater contaminated with cyanide because of reac-

tivity and stability (Mansfeldt et al. 2004).

An endogenous source of cyanide has been widely

observed in higher plants during the ethylene biosynthesis

from 1-aminocyclopropane-1-carboxylic acid (Peiser et al.

1984). However, cyanide produced does not accumulate in

plant tissues (Goudey et al. 1989; Maruyama et al. 2001),

since cyanide degradation capacity in plant materials is

several orders of magnitude higher than that cyanide of

production (Manning 1988). The evidence of cyanide

metabolism by b-cyanoalanine synthase (CAS) is clear

(Miller and Conn 1980; Goudey et al. 1989; Maruyama

et al. 2001), in which CAS catalyzes the conversion of

cyanide and cysteine to b-cyanoalanine and sulfide

(Maruyama et al. 2001), and then b-cyanoalanine is con-

verted into asparagine in the presence of the enzyme

X.-Z. Yu (&) � P.-C. Lu � Z. Yu

Department of Environmental Sciences & Engineering,

Hunan Agricultural University, Changsha 41028,

People’s Republic of China

e-mail: yuxiaozhang@hotmail.com

123

Ecotoxicology (2012) 21:548–556

DOI 10.1007/s10646-011-0815-x



b-cyanoalanine hydrolyase (Castric et al. 1972). Because

of its exclusive localization in mitochondria, the main

physiological role of CAS has been considered to be the

removal of toxic cyanide produced in plant tissues to avoid

toxicity (Hendrickson and Conn 1969; Maruyama et al.

2001).

Unlike botanical uptake of free cyanide, ferri-cyanide is

unable to move through biological membranes by simple

diffusion mechanism due to its physical–chemical proper-

ties (Federico and Giartosio 1983; Dzombak et al. 2005;

Ebbs et al. 2010). The evidences available suggest plants

may be able to transport and assimilate this iron complex to

less extent (Ebbs et al. 2003; Samiotakis and Ebbs 2004;

Larsen and Trapp 2006; Ebbs et al. 2008; Yu and Gu

2009). However, a complete picture on the degradation

pathway of ferri-cyanide in plants is still unknown.

The stability of ferri-cyanide in plant growth media has

been considered to be the most important factor affect-

ing phyto-removal to take place (Yu and Gu 2010).

[FeIII(CN)6]-3, HCN and CN- may occur naturally toge-

ther in solution in variable proportions, particularly under

an acidic condition (Meeussen et al. 1992). Free cyanide is

readily released during photo-induced decomposition of

ferri-cyanide (Yu et al. 2011). Additionally, phytosidero-

phores excreted by the roots of graminaceous plants may

elicit the release of free cyanide from ferri-cyanide, due to

the formation of Fe3?-phytosiderophore complex under

Fe-deficiency (Römheld and Marschner 1986). In this study,

hydroponically-grown rice seedlings were kept in flasks with

a stable solution pH that preserves cyanide speciation.

Activities of CAS in different parts of the rice seedlings

exposed to either KCN or ferri-cyanide were assayed to

elucidate the contribution of the b-cyanoalanine pathway to

the metabolism of both cyanide species in plants.

Materials and methods

Rice and exposure regimes

Seeds of rice (Oryza sativa L. cv. XZX 45) from the Hunan

Academy of Agricultural Sciences, P.R. China after

cleaning were planted in sandy soils under laboratory

condition at 25�C until shoots appeared. After another

15 days of growth, young rice seedlings with similar height

and weight were transferred to a pre-treatment solution

containing 1 mM CaCl2 ? 2 mM MES-TRIS buffer (pH

6.0) for 4 h to clear the cell wall space of ions (Ebbs et al.

2008), and then used in the subsequent experiments. Ten

rice seedlings were transferred into a 50 ml Erlenmeyer

flask filled with 50 ml of aerated hydroponic solution

spiked with cyanide. The flasks were all wrapped with

aluminum foil at the flask mouth to prevent escape of

water, and the flask wall to inhibit potential growth of algae

inside. All flasks were housed in a plant growth chamber

with constant temperatures of 25 ± 0.5�C and a relative

humidity of 60 ± 2% under continuous artificial light

(illumination intensity: 20,000 lux). A modified ISO 8692

nutrient solution (Yu and Gu 2009) was used to support

seedling growth.

Five different concentrations of KCN (0, 0.45, 0.97,

1.53, 2.04 mg CN/l) were prepared by adding the required

aliquots of 1.0 g CN/l stock solution of KCN to the mod-

ified ISO 8692 nutrient solution. For the treatments

amended with ferri-cyanide, five different concentrations

(0, 2.70, 5.33, 7.95, 10.65 mg CN/l) were applied. For each

treatment concentration, six replicates were prepared. One

control in three replicates (the flasks were also wrapped

with aluminum foils) contained testing chemicals without

rice seedlings to quantify the loss and speciation during

handling, hydrolysis and/or degradation by microorgan-

isms. Exposure periods of all treatments were 48 h.

Potassium ferri-cyanide [K3Fe(CN)6] or potassium cya-

nide KCN (Sinopharm Chemical Reagent Co., Ltd.,

Shanghai, PR China) of analytical grade with C95% purity

were used. It should be noted that 1 mg K3Fe(CN)6 and

KCN equals 0.474 and 0.400 mg CN, respectively.

Chemical analysis

Analysis of free cyanide and total cyanide

The presence of total cyanide and free cyanide in solution

was analyzed just prior to application and at the termina-

tion of exposure. Total cyanide in roots and shoots of rice

seedlings was also analyzed after the exposure period.

The concentrations of free cyanide and total cyanide in

the aqueous solution were determined spectrophotometri-

cally by a standard method (State Environmental Protec-

tion Administration of China, 1989, method number GB

7487-87) as described previously (Yu and Gu 2010).

The analysis of total cyanide in plant tissues was also

analyzed by a standard distillation method (State Envi-

ronmental Protection Administration of China, 1989,

method number GB 7486-87). After the end of exposure,

plant materials were taken out and rinsed with deionized

water. The remaining procedures were identical to those

described previously (Yu and Gu 2010).

Analysis of Fe3?/Fe2? in solution

Soluble Fe2? concentration was determined by the ferro-

zine method as described previously (Gibbs 1979). The

total soluble Fe including soluble Fe2? and Fe3? was

measured by reducing total soluble Fe into Fe2?, and then

Fe2? was determined by the ferrozine method without
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addition of sodium fluoride (NaF) solution (Greenberg

et al. 1992). The content of soluble Fe3? in solution was

obtained by taking the difference between total soluble Fe

and soluble Fe2?.

Relative growth rate

The weight change of seedlings was the toxicity criteria.

Rice seedlings were weighed prior to application and then

at the termination of exposure. The relative growth rate

(RGR, %) was calculated from

RGR ¼
MðFÞ �MðIÞ

MðIÞ
� 100

where M(I) is the initial weight of seedlings (g) and M(F) is

the final weight of seedlings (g).

Transpiration rate

Inhibition of transpiration is a rapid measure for the toxic

effect of a chemical to trees (Trapp et al. 2000). The weight

loss of the plant-flask system was expressed as the absolute

transpiration rate (g/d).

Determination of the metabolism rate

The metabolism rate v (lg CN/g FW h) was calculated

from

v ¼
mðIÞ � mðFÞ � mðRÞ � mðSÞ

Dt �M

where m(I) is the cyanide (lg) in hydroponic solution ini-

tially, m(F) is the final cyanide (lg) in hydroponic solution,

and m(R) and m(S) are the total cyanide (lg) in roots and

shoots at the termination of exposure. M is the biomass of

seedlings (g), and Dt is the time period (h).

Assay of b-cyanoalanine synthase activity

The activity of CAS was measured in fresh tissues of roots

or shoots of rice seedlings at the termination of exposure.

Fresh plant materials were taken from non-treated and

treated seedlings. 0.2 g of tissues materials (fresh weight)

was precisely weighted and placed in a triturator. 5.0 ml of

extraction buffer (pH 9.5, containing 2 mM EDTA-Na2,

10 mM cysteine, 0.1 M Tris–HCl) was added before trit-

uration. Trituration was performed in an ice-bath and then

centrifuged at 150009g for 10 min, the supernatant was

collected for the enzyme assay. The measurement of CAS

activity in plant tissues was determined in crude extracts

using the N, N-dimethyl-p-phenylenediamine (DMPDA)

method (Liang 2003). The measurement of protein contents

in plant materials was similar to the previous study (Yu and

Gu 2009), with Albumin Bovine V (Sigma-Aldrich Inc., St.

Louis, Missouri) as a standard. CAS activity is expressed in

nmol H2S/h mg Pr, which refers to 1 nmol H2S produced

in 1 h by CAS sample containing 1 mg protein (Liang

2003).

Statistical methods

Analysis of variance (ANOVA) and Tukey’s multiple

range test was used to determine the statistical significance

at 0.01 or 0.05 between the treatments (Sachs 1992).

Results

Responses of rice seedlings to cyanide

Responses of rice seedlings to free cyanide

Figure 1 shows the changes of relative growth rate and

transpiration rate of rice seedlings exposed to free cyanide

(KCN). Compared with the non-treated seedlings, a neg-

ligible reduction in transpiration was observed (P [ 0.05),

with elevation of KCN. Although all plants showed posi-

tive growth, a declining trend in relative growth of rice

seedlings was observed with an increase of KCN concen-

trations (P \ 0.05), compared with the non-treated rice

seedlings. Visible toxic symptom of chlorosis was not

observed in all treatments during the exposure period.

Responses of rice seedlings to ferri-cyanide

Transpiration of rice seedlings varied with the doses of

ferri-cyanide (Fig. 2). A slightly higher transpiration was

observed from the rice seedlings exposed to ferri-cyanide

(B7.95 mg CN/l) than that from the non-treated plants

(P [ 0.05), while rice seedlings exposed to ferri-cyanide of

10.65 mg CN/l showed a negligible reduction in transpi-

ration (P [ 0.05). Both non-treated and treated rice seed-

lings showed positive growth. However, a decline trend in

relative growth of rice seedlings was found with an

increase of ferri-cyanide doses. It was also observed that

10.65 mg CN/l of ferri-cyanide caused a significant

decrease in relative growth compared with the control

plants (P \ 0.05).

Removal of cyanide by rice seedlings

Phyto-removal of free cyanide

No obvious change of the cyanide concentration in aqueous

solution in the control with KCN without rice seedlings

was observed over a 48-h period of exposure (data not

550 X. Yu et al.

123



shown), indicating that the disappearance of KCN from

aqueous solution in testing groups can be accounted for by

the uptake by plants. Results showed that large fraction of

the applied KCN transported into plant materials in all

treatment groups, and trace amounts remained in hydro-

ponic solution after 48-h of exposure. Indeed, more than

97% (mean 97.5%, S.D. 0.99, n = 4) of the applied KCN

were taken up from the solution by rice seedlings (Fig. 3).

Concentrations of total cyanide in plant tissues were also

determined after the incubation period (Fig. 4). The back-

ground of total cyanide in non-treated plant materials was

all below the detection limit. Cyanide concentrations in

plant materials were observed to increase for the treated

plants with an increase of the applied KCN, but the

difference between the treatments was not significant

(P [ 0.05). It is noted that a slight difference existed in the

distribution of total cyanide in plant materials, in which

more cyanide was recovered in roots than shoots. However,

the difference was also not significant enough (P [ 0.05).

No cyanide transpired by plants was reported previously

(Ebbs et al. 2008), therefore, the mass balance for KCN was

calculated using the tissue total cyanide and the solution

cyanide. At 0.45 mg CN/l, the total cyanide recovered from

plant biomass accounted for 5.68% (S.D. 0.47, n = 3) of the

cyanide loss from the plant growth media, whereas 1.60%

(S.D. 0.04, n = 3) was detected in tissues of plants exposed

to 2.04 mg CN/l. The calculated metabolic rates of KCN are

shown in Fig. 5. The rates increased significantly with the

applied KCN doses (the linear trend is significant at

a = 0.01, R2 = 0.999). The highest metabolic rate was

1.11 lg CN/g FW h at 2.04 mg CN/l, which is more than

five fold higher than that at 0.45 mg CN/l.

Phyto-removal of ferri-cyanide

After analysis of free cyanide and soluble Fe in the control

solution spiked with ferri-cyanide (without rice seedlings),

trace amounts of free cyanide and soluble Fe3? was

detected in the solution after 48-h of exposure in the

absence of light (data now shown), likely due to handling.

This indicates that dissociation of ferri-cyanide into free

cyanide in the hydroponic solution is a negligible process

and the majority of the solution cyanide remained as

ferri-cyanide, which is consistent with previous studies

(Samiotakis and Ebbs 2004; Larsen and Trapp 2006; Ebbs

et al. 2008; Yu and Gu 2010). Thus, the disappearance of

the applied ferri-cyanide in hydroponic solution could be

Fig. 1 Responses of rice seedlings to KCN. The exposure period was 48 h. The values are the mean of three replicates. Vertical lines represent

standard deviation

Fig. 2 Responses of rice seedlings to ferri-cyanide. The exposure period was 48 h. The values are the mean of three replicates. Vertical lines
represent standard deviation

Fig. 3 Measured cyanide concentrations (mg CN/l) in aqueous

solution at different treatments spiked with KCN. The exposure

period was 48 h. The values are the mean of three replicates. Vertical
lines represent standard deviation (I initial concentration, F final

concentration)

On the role of b-cyanoalanine synthase (CAS) in metabolism 551

123



attributed to the uptake by rice seedlings. Significant

amounts of ferri-cyanide were removed in the presence of

rice seedlings (Fig. 6), in which between 34.7 and 50.7% of

the applied mass was taken up from the hydroponic solu-

tion by rice seedlings over the 48-h period of exposure.

Figure 7 shows the concentrations of total cyanide in

plant materials at different treatments after the 48-h period of

exposure. Concentrations of total cyanide in different plant

materials were strongly correlated to the applied ferri-cya-

nide concentrations (Figures not shown), judged by the

critical r for a given n. The trends were all significant at

a = 0.05 (the regression for roots y = 7.0759x - 10.793,

R2 = 0.9441; the regression for shoots y = 0.1959x ?

0.0985, R2 = 0.9749). Substantial differences in the distri-

bution of total cyanide in plant materials were observed

(P \ 0.01), in which roots were the major sink for cyanide

accumulation rather than shoots.

A mass balance of the total cyanide in plant tissues and

the solution was made. Between 21.7 and 43.4% of the

ferri-cyanide lost from the hydroponic solution was

detected in the plant materials at the termination of 48-h

exposure. Loss from controls without plants was negligi-

ble; as a result, majority of the ferri-cyanide was likely

metabolized by rice seedlings. The calculated metabolic

rates of ferri-cyanide are shown in Fig. 8. The rate

increased linearly with the ferri-cyanide application

(R2 = 0.8766, significant at a = 0.05). The metabolic rate

at 10.65 mg CN/l (1.02 lg CN/g FW h) was 2 times higher

than that at 2.70 mg CN/l (0.47 lg CN/g FW h).

Activities of b-cyanoalanine synthase in plant materials

of rice seedlings

Activities of CAS in plant materials of rice seedlings

exposed to KCN were measured at the termination of

exposure (Fig. 9). CAS activity in roots from non-treated

rice seedlings was 20.48 nmol H2S/h mg Pr. A remarkable

increase in CAS activity occurred in the rice roots with an

increase of the applied KCN (P \ 0.05). A similar pattern

of CAS activity was also observed in shoots at the termi-

nation of 48-h exposure. It was of interest to note, in both

non-treated and treated rice seedlings, that roots always

showed significantly higher CAS activity than shoots

(P \ 0.05).

The measured activities of CAS in plant tissues of rice

seedlings exposed to ferri-cyanide are shown in Fig. 10.

Results indicated that CAS activities in both roots and

shoots showed negligible change with elevation of ferri-

cyanide in plant growth media compared with the non-

treated plant materials (P [ 0.05). Results from this test

indicated that metabolism of KCN in rice seedlings is

largely through the b-cyanoalanine pathway, while ferri-

cyanide is assimilated through an unreported degradation

pathway.

Fig. 4 Measured total cyanide (lg CN/g FW) accumulated in roots and shoots of rice seedlings exposed to various KCN concentrations. The

exposure period was 48 h. The values are the mean of three replicates. Vertical lines represent standard deviation

Fig. 5 Calculated KCN metabolic rate (lg CN/g FW h) of rice

seedlings at different KCN concentrations. The exposure period was

48 h. The values are the mean of three replicates. Vertical lines
represent standard deviation

Fig. 6 Measured total cyanide concentrations (mg CN/l) in aqueous

solution at different treatments spiked with ferri-cyanide. The

exposure period was 48 h. The values are the mean of three

replicates. Vertical lines represent standard deviation (I initial

concentration, F final concentration)
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Discussions

Although rice seedlings showed different responses to both

KCN and ferri-cyanide, deleterious effects on plant phys-

iological functions due to addition of both cyanide species

were not observed within 48 h of exposure. The results of

measured toxic effects were plotted and analyzed. The

linear trends from the treatments with KCN were signifi-

cant (the regression between KCN and relative growth rate

y = -4.5722x ? 21.725, R2 = 0.8649; the regression

between KCN and transpiration y = -0.5866x ? 5.7594,

R2 = 0.9603), judged by the critical r for a given n (a =

0.05) (Sachs 1992). For the treatment with ferri-cyanide,

the correlation between the ferri-cyanide concentrations

and the relative growth was also significant (R2 = 0.849,

significant at a = 0.05), while the linear trend between

ferri-cyanide and transpiration was not significant (R2 =

0.041, significant at a = 0.05). Data presented here suggest

that KCN caused more severe stress to rice seedlings than

ferri-cyanide due to the readily bioavailability and trans-

port of the former.

Ferri-cyanide has been identified to be quite stable

chemically against decomposition in the absence of light

under a neutral pH condition (Ghosh et al. 1999). Indeed,

the half-life of iron cyanides in soils was estimated to be

approximately 100 years at pH 6.5 (Meeussen et al. 1992).

In this study, the solution pH was quite stable during the

48-h of exposure, within a range of 7.2–7.6, and trace

amounts of free cyanide and soluble Fe3? was detected in

the solution by the termination of incubation, probably due

to handling, suggesting that dissociation of ferri-cyanide

into free cyanide in the solution is negligible. Another

possibility is plants and their associated microorganisms

may facilitate dissociation of ferri-cyanide into free cya-

nide due to the presence of phytosiderophores and sidero-

phores secreted under Fe-deficiency conditions (Römheld

and Marschner 1986). It is known that the equilibrium

Fig. 7 Measured total cyanide (lg CN/g FW) accumulated in roots and shoots of rice seedlings exposed to various ferri-cyanide concentrations.

The exposure period was 48 h. The values are the mean of three replicates. Vertical lines represent standard deviation

Fig. 8 Calculated ferri-cyanide metabolic rate (lg CN/g FW h) of

rice seedlings at different ferri-cyanide concentrations. The exposure

period was 48 h. The values are the mean of three replicates. Vertical
lines represent standard deviation

Fig. 9 Measured activities of CAS (nmol H2S/h mg Pr) in roots and

leaves of rice seedlings exposed to KCN. The exposure period was

48 h. The values are the mean of three replicates. Vertical lines
represent standard deviation

Fig. 10 Measured activities of CAS (nmol H2S/h mg Pr) in roots and

leaves of rice seedlings exposed to ferri-cyanide. The exposure period

was 48 h. The values are the mean of three replicates. Vertical lines
represent standard deviation
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constant (logK) of ferri-cyanide is 52.63 (Meeussen et al.

1992), while the logK value of Fe-phytosiderophores is

only 18.1 (Mino et al. 1983). These give rise to the con-

clusion that cyanide in the solution remained principally in

the form of ferri-cyanide rather than free cyanide (CN- or

HCN) before uptake by rice seedlings.

In our observation, rice seedlings were able to efficiently

take up both cyanide species. More than 97% of the applied

KCN was eliminated from the hydroponic solution by rice

seedlings after 48 h of exposure, whereas between 34.7 and

50.7% of ferri-cyanide was removed by rice seedlings. The

difference is most likely attributed to the fact that rice

seedlings take up the two cyanides by dissimilar mecha-

nisms. Indeed, KCN has been found to be able to move

through biological membranes mainly achieved by simple

diffusion (Dzombak et al. 2005; Ebbs et al. 2010).

Although iron cyanide has long been considered mem-

brane-impermeable (Federico and Giartosio 1983), our

study presented here and also others’ (Samiotakis and Ebbs

2004; Larsen and Trapp 2006; Ebbs et al. 2008; Yu and Gu

2010) collectively suggested phyto-transport of ferri-

cyanide is possible.

After entering the plant materials, the biological fate and

transport of both cyanides are also quite different. Indeed, a

very small fraction of KCN loss from the hydroponic

solution was recovered in plant tissues, judged by the total

cyanide detected, and the distribution in different parts of

plant materials was slightly different, indicating rice

seedlings are able to metabolize KCN readily during

transport within plant tissues. Slight higher cyanide con-

centrations was detected in roots than that in shoots in all

treatments with an increase of the applied KCN, indicating

that roots are the major site for KCN metabolism because

of the transport route. Since liberation of ferri-cyanide into

free cyanide was negligible, rice seedlings were able to

take Fe3? and CN- as a complex. Between 21.7% and

43.4% of the ferri-cyanide removed from the plant growth

media was detected in plant materials after 48 h of expo-

sure. The ferri-cyanide (%) recovered in rice biomass was

significantly related to the concentrations of ferri-cyanide

applied (the linear regression between the initial concen-

trations of ferri-cyanide and the ferri-cyanide (%) recov-

ered in biomass: y = 2.6388x ? 13.72, R2 = 0.8177,

significant at a = 0.05). However, the quantity of ferri-

cyanide accumulated varied significantly in different parts

of plant tissues (P \ 0.01), in which the cyanide accumu-

lated in roots accounted for 96.3% (S.D. 0.86, n = 4) of the

total cyanide detected in biomass, while only 3.70% (S.D.

0.86, n = 4) was recovered in shoots.

Results present here and also previous works suggest that

exogenous KCN is quickly metabolized without accumula-

tion in healthy plants when the concentration is below the

inhibitory toxic level (Larsen et al. 2005). This is largely due

to the fact that the rate of botanical metabolism of KCN via

the b-cyanoalanine pathway is much faster than the uptake

rate, resulting in no accumulation in plant materials. Indeed,

activities of CAS in roots and shoots of rice seedlings were

positively increased with the application of KCN in all

treatments in our observation. A comparable result was

found in a previous work (Liang 2003), where exogenous

KCN at 10 lM was sprayed onto shoots of normally watered

tobacco plants and their CAS activity in shoots increased

more than onefold. However, a different conclusion was

reached by Maruyama et al. (2001) and Meyer et al. (2003) in

which activity of CAS was not responsive to exogenous

cyanide concentrations, but positively increased with eth-

ylene production. Based on our experimental data, the linear

regression between the measured CAS activity and KCN

supplied was plotted (Figures not shown). Both linear trends

were significant (the regression for the roots y =

10.568x ? 23.699, R2 = 0.914, the regression for shoots

y = 4.5783x ? 15.497, R2 = 0.939), judged by the critical

r for a given n. It is of interest to compare the concentration

sensitivity of the enzyme activity between the two parts of

rice seedlings using the slope of the linear fit curve. The

difference between roots and shoots of treated rice seedlings

was 1.96. This indicated that (1) roots are the major site for

botanical metabolism of KCN instead of shoots; (2) a less

extend of KCN was translocated to shoots due to quick

conversion of KCN in roots. This could be an explanation for

the less change of CAS activity in shoots than that in roots,

with an increase of the applied KCN from 0.45 to 2.04 mg

CN/l. Our results are consistent to another study, where

activity of CAS was 2- to 3-fold higher from roots of wheat

than from shoots (Machingura and Ebbs 2010). However,

significant amounts of cyanide analyzed as total cyanide

were recovered in plant tissues of rice seedlings exposed to

ferri-cyanide in this observation, implying that dissociation

of ferri-cyanide into free cyanide was unlikely to occur in

plant materials. Indeed, negligible changes of CAS activity

were observed in both roots and shoots of rice exposed to

ferri-cyanide, suggesting that in vivo phyto-dissociation of

ferri-cyanide is not prerequisite for botanical metabolism.

Ferri-cyanide is most likely metabolized by rice seedlings

without phyto-dissociation through an undiscovered degra-

dation pathway rather than the b-cyanoalanine pathway.

Evidence that chemical speciation of cyanide in the

environment is variable (Meeussen et al. 1995). Of the

cyanides detected, free cyanide and iron cyanide are fre-

quently detected and the dynamic interconversion between

the two cyanide species is most likely and especially cru-

cial (Mansfeldt et al. 2004; Yu et al. 2011) because plants

showed different responses to free cyanide and iron cya-

nide, depending on the concentrations and chemical forms

(Larsen et al. 2005; Yu and Gu 2009). Indeed, the toxicity

of cyanide to living organisms is well documented. Iron
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cyanides, though less toxic than free cyanide, is potentially

hazardous due to toxic free cyanide liberated from them

through photodecomposition (Meeussen et al. 1992; Yu

et al. 2011), which led to serious concern in waste man-

agement and ecosystem restoration. It is obvious that

higher concentrations of free cyanide not only cause neg-

ative ecological effects, but also significantly reduce the

effectiveness of phytoremediation. The evidence offered

here and also others’ (Miller and Conn 1980; Goudey et al.

1989; Maruyama et al. 2001; Larsen et al. 2005; Ebbs et al.

2010) suggests that free cyanide, within a certain concen-

tration range, can be quickly degraded by the plant enzyme

CAS. In a recent work, it has been proposed that non-toxic

concentrations of exogenous free cyanide can be beneficial

to plants as an alternative source of nitrogen under nitro-

gen-limiting conditions (Ebbs et al. 2010; Machingura and

Ebbs 2010). For waste management, this has, as conse-

quence, that botanical assimilation of free cyanide is a fast

and destruction-based process and causes less adverse

effects on both the environment and living organisms.

Despite evidence that botanical uptake, transport and

assimilation of iron cyanides is possible (Ebbs et al. 2003;

Samiotakis and Ebbs 2004; Larsen and Trapp 2006; Ebbs

et al. 2008; Yu and Gu 2009), research focusing on the

degradation pathway of iron cyanides in plants is relatively

limited. Our current work suggests that rice seedlings are

likely to metabolize ferri-cyanide directly as a substrate

through an undefined degradation pathway rather than the

b-cyanoalanine pathway. Additionally, cyanide accumula-

tion in plant materials (i.e., majority in roots rather than

shoots) is not a major sink during phyto-removal of ferri-

cyanide. Therefore, from an ecological health point of

view, we have good reasons to suggest that phyto-assimi-

lation of both free cyanide and ferri-cyanide is an envi-

ronmental friendly strategy for waste management and

ecosystem restoration.

Conclusions

Although rice seedlings showed different responses to the

application of KCN and ferri-cyanide, no deleterious

effects were observed in all treatments. Rice seedlings were

able to efficiently take up both cyanide species from the

plant growth media, but the phyto-removal rates were

different and may indicate the uptake pathways were quite

dissimilar. In vivo CAS assays suggest that the b-cyano-

alanine pathway is responsible for the botanical metabo-

lism of KCN. However, rice seedlings are likely to

metabolize ferri-cyanide directly as a substrate through an

undefined degradation pathway rather than the b-cyano-

alanine pathway.
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