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Ab stract

Re cent bio chem i cal and ge netic stud ies on hy dro gen cy a nide
(HCN) me tab o lism and func tion in plants were re viewed. The
po ten tial sources of en dog e nous cy a nide and the path ways of
its de tox i fi ca tion are out lined and the pos si ble sig nal ing routes
by which cy a nide ex erts its phys i o log i cal ef fects are dis cussed. 
Cy a nide is pro duced in plant tis sues as the re sult of hy dro ly sis
of cyanogenic com pounds and is also re leased as a co-prod uct
of eth yl ene biosynthesis. Most cy a nide pro duced in plants is
de tox i fied pri mar ily by the key en zyme b-cyanoalanine syn -
thase. The re main ing HCN at non-toxic con cen tra tion may
play a role of sig nal ing mol e cule in volved in the con trol of
some met a bolic pro cesses in plants. So, HCN may play a dual
role in plants, de pend ing on its con cen tra tion. It may be used in
de fense against her bi vores at high toxic con cen tra tion and may 
have a reg u la tory func tion at lower con cen tra tion. Spe cial at -
ten tion is given to the ac tion of HCN dur ing bi otic and abiotic
stresses, ni trate as sim i la tion and seed ger mi na tion. Intracel -
lular sig nal ing re sponses to HCN in volve en hance ment of re -
ac tive ox y gen spe cies (ROS) gen er a tion and the ex pres sion of
cy a nide-in sen si tive al ter na tive oxidase (AOX) and ACC
synthase (ACS) genes. The bio chem i cal and cel lu lar mech a -
nisms of these re sponses are, how ever, not com pletely un der -
stood.

List of ab bre vi a tions: ABA - abscisic acid, ACC -
1-aminocyclopropane-1-carboxylic acid, ACO -
ACC oxidase, ACS - ACC synthase, ACS6 - ACC
synthase gene, AFGC - Arabidopsis Func tional
Genomic Fa cil ity, AOX - al ter na tive oxi dase, APX
- ascorbate peroxidase, AtRDH - Arabi dopsis
thaliana rhodanese homologue pro tein, b-CAS -
b-cyanoalanine synthase, CTR1 - Raf-like ser/thr
kinase, CS - cysteine synthase (O-acetyl serine
sulfhydratase), 2,4-D - 2,4-dichloro phen oxyacetic
acid, GA - gib ber el lins, ga-1- GA de fi cient mu tant,
GR - glutathione reductase, HR - hy per sen si tive re -
sponse, IAA - indole ace tic acid, MAPK - mitogen
ac ti vated pro tein kinase, NF-KB - re dox-sen si tive
nu clear fac tor, NR - ni trate reductase, PCD - pro -
grammed cell death, PPP - pentose phos phate path -
way, ROS - re ac tive ox y gen spe cies, RuBP -
ribulose 1,5-bisphosphate, TMV - to bacco mo saic
vi rus, TVCV - tur nip vein clear ing vi rus, SAM -
S-adenosylmethionine
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In tro duc tion

Hydrogen cy a nide (HCN) is a small gas eous mol e -
cule that has re ceived spe cial at ten tion from sci en -
tists since the be gin ning of the 19th cen tury, due to
its toxic ef fect on liv ing or gan isms. Bi o log i cal ac -
tiv ity of HCN was mostly cor re lated with the in hi -
bi tion of the ter mi nal cytochrome oxidase in the
mi to chon drial re spi ra tory path way, whereas its
reg u la tory role in plant me tab o lism was rarely dis -
cussed. Some ex per i men tal data re ported a pro tec -
tive ef fect of cy a nide in plants against pred a tors
such as her bi vores (e.g. Nahrstedt 1985). This role
of cy a nide is now better doc u mented (e.g. Gleadow 
and Woodrow 2002, Zagrobelny et al. 2004), and
ad di tion ally sup ported by the most re cent ex per i -
ments with some trans gen ic plants (Wittstock and
Gershenzon 2002, Siritunga and Sayre 2004). So -
me data also in di cate that HCN, apart from be ing
toxic, plays a reg u la tory (maybe sig nal ing) func -
tion in many phys i o log i cal pro cesses, e.g. seed ger -
mi na tion (Bogatek et al. 1999), ni trate as sim i la tion
(Solomonson and Bar ber 1990) or in plant re spon -
ses to some en vi ron men tal stim uli (Grossmann
1996).

In this pa per, we at tempt to de scribe the cur rent un -
der stand ing of the con trol of HCN level and me tab -
o lism in plants, fo cus ing par tic u larly on its pos si ble 
cel lu lar ef fects and high light ing the bi o log i cal pro -
cesses likely to be in volved in the dual - toxic to
reg u la tory - roles of this mol e cule.

The sources of hy dro gen cy a nide in plants

Cyanogenesis, the abil ity of plants and other liv ing
or gan isms to pro duce HCN, has been known for
sev eral cen tu ries in apri cots, peaches, al monds and
other im por tant food plants (Nahrstedt 1993).
Plants which ex hibit this phe nom e non usu ally con -
tain one or more com pounds as pre cur sors, which
lib er ate HCN upon hydrolysis. In cer tain sapinda -
ceous and hippocastanaceous seeds, HCN is de -
rived from the cyanogenic lipids (Seigler 1991).
Most fre quently, how ever, HCN pro duc tion in
higher plants re sults from the ca tab o lism of cyano -
genic glycosides. Cy ano gens are found in more
than 3000 spe cies of higher plants in clud ing ferns,
gym no sperms and an gio sperms. These cy ano gens

are glycosides of a-hydroxynitriles (cya no hyd -
rins); all known com pounds are O-b-linked, mostly 
with D-glu cose (Seigler 1991). De pend ing on their
pre cur sor amino acid, they may be aliphatic, ar o -
matic, or cyclopentenoid in na ture (Seigler 1991,
Moller and Seigler 1999). All biosynthetic steps,
ex cept the fi nal glycosylation of the a-hydroxy -
nitrile, are catalysed by mem brane-bound en zymes
(Fig. 1) and were pre vi ously de scribed in de tail
(Siegieñ 1998, Moller and Seigler 1999). 

Degradation of cyanogenic glycosides in plants is
ini ti ated by cleav age of the glycosidic link age(s) by 
one or more sol u ble b-glycosidases. The re sult ing
cya no hyd rins are rel a tively un sta ble and de com -
pose ei ther spon ta ne ously or en zy mat i cally, in re -
ac tion catalysed by a a-hydroxynitrile lyase to
yield HCN and an al de hyde or a ketone (Jones et al.
2000) (Fig. 1). In in tact plants, the sub strates and
hydrolytic en zymes ap pear to be sep a rated by com -
partmentation at ei ther tis sue or subcellular lev els
(Seigler 1991, Selmar 1993), so cy a nide is not
evolved con tin u ously from cyanogenic plant tis -
sues. Gen er ally, cyanoglycosides are stored in vac -
u oles, whereas b-glycosidases are apoplastic (Sel -
mar 1993, Gruhnert et al. 1994). When tis sues are
dis rupted (e.g. by her bi vore at tack), the glycosides
are brought into con tact with b-glycosidases and
hydroxynitrile lyases, which re lease the toxic HCN
(Fig. 1). In con trast to the pro cesses in volv ing in -
jury, many plant cyanoglycosides are also me tab o -
lized in in tact cells and trans ported in the plant
(Selmar 1993). This sit u a tion is ob served dur ing
seed ger mi na tion of some rub ber tree (Hevea) spe -
cies (Selmar et al. 1988), where the ma jor ity of cy -
ano gens stored in en do sperm is trans ported into the
cot y le dons and pri mary leaves and me tab o lized to
noncyanogenic ni tro gen-con tain ing com pounds.
HCN is also lib er ated from cyanogenic glycosides
dur ing the break of dor mancy (early stages of cold
strat i fi ca tion) of ap ple seeds (Malus domestica)
(Dziewanowska et al. 1979b). In this case, the rel a -
tively large amounts of free HCN could, how ever,
be pro duced as a re sult of dam age to the tonoplast
dur ing rehydration, that al lows the di rect con tact of
cy to plas mic glycosidase with the vacuolar cyano -
gen - amygdaline. More over, it can not be ex cluded
that cyanogenic glycosides are me tab o lized at
some other stages of growth of cer tain cyanogenic
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plants thus evolv ing free cy a nide. The fact that the
con cen tra tion of cyanogenic glycosides (si mul ta -
neously the cya nogenic po ten tial) seems to fluc tu -
ate di ur nally, and var ies greatly dur ing the grow ing
sea son (NiedŸwiedŸ -Siegieñ 1998, NiedŸwiedŸ -
-Siegieñ and Gierasimiuk 2001, Stochmal and
Oleszek 1997), may sup port this as sump tion.

Cyanogenesis is not ex clu sive to cyanolipid- and
cyanogenic glycosi de - con tain ing plant spe cies.
Peiser et al. (1984) were among the first to show
that cy a nide was a co-prod uct of the eth yl ene
biosynthesis path way, where it is pro duced in
stoichiometrically equal amounts to eth yl ene
(Grossmann 2003) (Fig. 2). Cy a nide can also be
formed in plant tis sues from glyoxylate, the prod -
uct of photorespiration, and hydroxylamine, the
pos si ble in ter me di ate of ni trate as sim i la tion
(Hucklesby et al.1982).

The ex is tence of sev eral po ten tial sources of cy a -
nide in plants sup ports the hy poth e sis that this gas -
eous mol e cule is pres ent in al most all plant tis sues
and may con trib ute in the con trol of many im por -
tant phys i o log i cal events.

Tox ic ity of hy dro gen cy a nide and routes

of its de tox i fi ca tion in plant tis sues

Cyanide is very toxic to all liv ing cells in clud ing
those of plants. Ap pli ca tion of cy a nide to Arabi -
dopsis thaliana caused a marked growth in hi bi tion, 
a re duc tion in over all plant size, and a de crease in
chlo ro phyll con tent (Smith and Arteca 2000). It
caused ne crotic spots on to bacco (Nicotiana
tabacum) leaves (Siefert et al. 1995), and in duced
nu clei deg ra da tion in pea (Pisum sativum) leaves
(Samuilow et al. 2000). Var i ous intracellular en -
zymes in volved in many im por tant met a bolic path -
ways are known to be in hib ited by cy a nide. The
most sen si tive en zymes in clude Cu/Zn superoxide
dismutase, catalase, cytochrome-c oxidase, ni -
trate/ni trite reductase, nitrogenase, and peroxidase
(Grossmann 2003). In green plant tis sues, ribu -
lose-bisphosphate carboxylase is quite sen si tive to
cy a nide as well. Cy a nide also in ter acts with the
Cu-pro tein plastocyanin that is in volved in photo -
synthetic elec tron trans port (Liang 2003). The con -
cen tra tions of en dog e nous cy a nide re quired to
cause 50 % in hi bi tion of sen si tive en zymes are
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Fig. 1. Biosynthesis and ca tab o lism of cyano genic glycosides. En zymes in volved are shown in italic; P450 - P450 linked en zyme.
Mod i fied ac cord ing to Zagrobelny et al. (2004). 



mostly in the range of 5 - 10 mM (Gross mann 1996). 
Thus, in or der to pro tect these sys tems, the con cen -
tra tion of HCN in plant tis sues is tightly reg u lated
by dif fer ent path ways (en zymes) that may quickly
de tox ify and re-me tab o lize cy a nide. 

The piv otal role in de tox i fi ca tion of cy a nide is
played by b-cyanoalanine synthase (b-CAS), a
pyridoxal phos phate-de pend ent en zyme. It uti lizes
cysteine and cy a nide to form hy dro gen sul fide and
b-cyanoalanine. The lat ter is sub se quently con -
verted to asparagine in a re ac tion catalysed by
b-cyanoalanine hydrolase (Miller and Conn 1980)
(Fig. 1). The ac tiv ity of b-cyanoalanine synthase in
plants is pri mar ily lo cated in mi to chon dria - the
organelles most vul ner a ble to HCN (Meyers and
Ahmad 1991). This en zyme ap pears to be ubiq ui tous 
in higher plants, as it plays a gen eral role in as sim i la -
tion of HCN lib er ated from cyanogenic com pounds,
and also cy a nide pro duced con com i tantly with eth -
yl ene (Grossmann 1996). In ap ple slices and
mungbean (Vigna radiata) hy po cot yls, for ex am ple,
the ap pli ca tion of a b-CAS in hib i tor (ami no -
oxyacetic acid) caused an ac cu mu la tion of en dog e -
nous HCN (Yip and Yang 1988). High ac tiv ity of
b-CAS has been de tected in plant tis sues that pro -
duce eth yl ene at high rates (e.g. 1650 nmol g-1·h-1 in
ripe ap ples), there fore the con cen tra tion of HCN ap -
pears to be main tained be low toxic lev els (1 mM or
less) that are safe for sen si tive en zymes (Yip and
Yiang 1988). Such sit u a tion was ob served in bar ley

(Hordeum vulgare) seed lings treated with her bi cides 
2,4-dichlorophenoxyacetic acid (2,4-D) (Gross -
mann and Kwiatkowski 1995), and in to bacco un der
drought stress con di tions (Liang 2003). Both plants,
be cause of high ac tiv ity of b-CAS, were shown to be
re sis tant to the stress caused by cy a nide. It is in ter -
est ing that ac tiv ity of b-CAS may be en hanced it self
by cy a nide (Liang 2003), and also by eth yl ene
(Maru yama et al. 2001).

Cysteine synthase (CS or O-acetylserine sulfhy -
dratase) cat a lyzes cysteine for ma tion from 0-ace -
tyl-L-serine and sul fide, but also pos sesses b-CAS
ac tiv ity in plants (Maruyama et al. 2001). It is lo -
cated in cytosol, chloroplasts and mi to chon dria,
and in re cent years, cor re spond ing cDNA clones
have been iso lated from a va ri ety of plants (Saito
2000). How ever, CS may lose its ac tiv ity dur ing
tis sue dis rup tion, due to the en zyme high sen si tiv -
ity to ox i da tion, which of ten hap pens un der dif fer -
ent stress con di tions (Liang and Li 2001).

In most an i mals, gas eous HCN may com bine with
thiosulfate to form less toxic thiocyanate in a pro -
cess catalysed by rhodanese (Beesley et al. 1985),
(Fig. 1). How ever, in con trast to b-CAS, rhodanese
is not pres ent ubiq ui tously in plants, and be cause of 
very low ac tiv ity (Kakes and Hakvoort 1992), the
ex is tence of this en zyme is highly con tro ver sial.
Re cently, Hatzfeld and Saito (2000) have, for the
first time, iso lated and char ac ter ized two cDNAs
en cod ing rhodanese isoforms in A. thaliana:
AtRDH1 and AtRDH2 (A. thaliana rhodanese
homologue 1 and 2, re spec tively). Over ex pres sion
of both of these genes in creased the rhodanese ac -
tiv ity of trans gen ic yeast. AtRDH1 pro tein is lo -
cated in the mi to chon dria, whereas AtRDH2 is
found in the cytosol. Rhodanese may also have
other func tions, the most im por tant of which is to
do nate sul fur to pro teins (Bordo and Bork 2002).

It seems that plant tis sue has po ten tially am ple ca -
pac ity to de tox ify cy a nide, mainly by b-CAS ac tiv -
ity. It has been re cently sug gested that be cause of
this prop erty, some plants might be use ful in phyto -
remediation pro cesses of soil and ground wa ter pol -
luted by cy a nide (Larsen et al. 2004). It is not a rule,
how ever, that the con cen tra tion of HCN in plant tis -
sues ap peared to be main tained be low toxic lev els
for other or gan isms.
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Fig. 2. Gen er a tion of HCN and eth yl ene from S-adeno syl -
methionine (SAM). Dot ted ar row in di cates on step stim u lated
by HCN. Mod i fied ac cord ing to Grossmann (2003). 



Dual ef fect of hy dro gen cy a nide in plant

re sponses to stress

Plants are known to re lease eth yl ene in response to
bi otic stresses (such as those in duced by patho -
gens) and to abiotic stresses (such as those in duced
by me chan i cal stim uli, flood ing or drought) (Chen
et al. 2005). The ques tion arises re gard ing the phys -
i o log i cal sig nif i cance of cy a nide (Grossmann
1996), which is formed as a co-prod uct of eth yl ene
syn the sis (Fig. 2). Some ev i dence sup port a dual -
toxic and sig nal ing - func tion of cy a nide pro duced
in stressed plants. The dual ef fect might de pend on
con cen tra tion of HCN, as well as on the sta tus of a
plant and its growth con di tions. 

It is gen er ally ac cepted that most cy a nide pro duced 
dur ing eth yl ene syn the sis is ef fec tively de tox i fied,
so the pos si bil ity of a toxic role for cy a nide in the
plant tis sue is rarely con sid ered. In re cent years, at -
ten tion has once again fo cused on the mode of ac -
tion of auxin her bi cides in sen si tive plants, in
which the in volve ment of cy a nide in the in duc tion
of  her  bi  c ide phytotoxici ty  is pos tu  la ted
(Grossmann 1996). These sit u a tions are ob served
in soy bean (Glycine max) seed lings ex posed to
2,4-dichloro phenoxyacetic acid (2, 4-D), and
barnyardgrass (Echinochloa crus-galli), ex posed
to quinclorac (Grossmann and Kwiatkowski 1995,
Grossmann 2003). The con cen tra tion of en dog e -
nous cy a nide in these plants, which is de rived ul ti -
mately from the her bi cide-stim u lated ACS ac tiv ity
in eth yl ene bio synthesis, may in crease many times,
reach ing a max i mum of nearly 30-50 mM
(Grossmann 2003). b-CAS ac tiv ity in these plants
was too low to de tox ify cy a nide to phys i o log i cally
safe lev els, caus ing death of soy bean seed lings and
growth in hi bi tion, chlorosis and ne cro sis of barn -
yard grass (Gross mann 2003). The pro cess ap pears
to be self-am pli fy ing be cause ACC and its prod uct
cy a nide pro mote ACS ac tiv ity in the shoot tis sue
(Fig. 2). In this way, the con cen tra tion of toxic cy a -
nide is en hanced (Grossmann 2003). The re sults of
some ex per i ments with ap pli ca tion of KCN or in -
hib i tors of eth yl ene biosynthesis, and in trans gen ic
plants with antisense con struct to the ACS gene,
pro vide ad di tional ev i dence that cy a nide is a toxic
agent in her bi cide ac tion (Grossmann 1996, 2003). 

The increased level of cy a nide in stressed tis sue
may be caused not only by low ac tiv ity of b-CAS,
but also by dif fer ent intracellular compart men -
tation of cy a nide re lease (ACC oxidase is in the cy -
to plasm) and cy a nide de tox i fi ca tion (b-CAS is pre -
dom i nantly lo cal ized in the mi to chon dria) (Gross -
mann 1996). Thus, cy a nide re moval in cell com -
part ments other than mi to chon dria may be less ef fi -
cient, and con se quently could re sult in its tran -
siently el e vated lev els in cell com part ments such as 
cy to plasm, chloroplasts and peroxisomes (Gross -
mann 1996). On the other hand, most cy a nide re -
leased dur ing the ACC oxidase re ac tion ex ists in
the undissociated form, and could there fore dif fuse
eas ily through mem branes, to reach dif fer ent com -
part ments of the cell (Meyer et al. 2003). 

Under cer tain stress con di tions, cy a nide con cen -
tra tion that ac com pa nies rapid eth yl ene pro duc tion
seems to be un der the con trol of de tox i fy ing en -
zymes. Thus, tran sient in crease in HCN con cen tra -
tion in a small re gion of plant tis sue may take place,
and in this case cy a nide may act as a sig nal ing cel -
lu lar mol e cule, which trig gers the events con se -
quently lead ing to ac qui si tion of stress re sis tance
(Fig. 3). It has been dem on strated that non-le thal
con cen tra tion of cy a nide en hances the re sis tance of 
to bacco leaves to to bacco mo saic vi rus (TMV)
(Chivasa and Carr 1998). Sub se quent ex per i ments
with A. thaliana have also shown that cy a nide can
in duce re sis tance to tur nip vein clear ing vi rus
(TVCV) (Wong et al. 2002). Some events lead ing
to re sis tance are not yet known, but most likely in -
volve the in duc tion of AOX gene and in crease AOX 
ac tiv ity (Chivasa and Carr 1998, Wong et al. 2002). 
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Fig. 3. Dual ac tion of cy a nide un der stress con di tions. Dot ted
ar row in di cates on stim u la tion of eth yl ene syn the sis by HCN.



It was also found that the en zyme may be ac ti vated
only in the cells in fected with the vi rus or in the
cells close to the hy per sen si tive le sions. This ob ser -
va tion is con sis tent with find ings that AOX gene ex -
pres sion cor re lates pos i tively with le sion num bers,
which sug gests that cells close to le sions ex press
higher lev els of AOX (Chivasa and Carr 1998).
Thus, the ques tion arises which of AOX-de pend ent 
events are in volved in vi rus re sis tance. We pos tu -
late that the rapid and tran sient ox i da tive pro duc -
tion of ROS is in duced by cy a nide, as it is known to
take place at the early stage of vi ral in fec tion
(Wojtaszek 1997), as well as un der other stresses
(Vranova et al. 2002, Gniazdowska and Bogatek
2005), So, AOX may be in volved in re moval of
ROS in in fected plant tis sues, pos si bly by ac ti va -
tion of an ti ox i dant sys tems. It has been pro posed
that AOX plays a role in avoid ance of dam ages to
the cell by ROS, pro duced in many stresses (Wag -
ner and Moore 1997, Juszczuk and Rychter 2003).
This is con sis tent with some data ob tained by
Ordog et al. (2002) who found that overexpression
of AOX in to bacco re duced the size of hy per sen si -
tive lessions (HR). More over, some met a bolic pro -
cesses in sus cep ti ble plants treated with auxin her -
bi cides could be af fected by cy a nide through ROS
pro duc tion. Un con trolled syn the sis of cy a nide in
these plants (Grossmann 2003) may lead to un con -
trolled ac cu mu la tion of ROS, which are highly
toxic for the cell. ROS can re act with the ma jor ity
of biomolecules, thus re sult ing in ox i da tive stress
that causes ir re vers ible cel lu lar dam ages (Vranova
et al. 2002).

Furthermore, ROS it self may also act as sig nal
mol e cules in plant transduction cas cade, lead ing to
stress re sis tance (Vranowa et al. 2002). It has been
shown in an i mal cells that cy a nide me di ates the de -
vel op ment of stress symp toms, via gen er a tion of
ROS (Gunasekar et al. 1998). More over, ROS gen -
er a tion was ob served in dor mant ap ple em bryos
treated with cy a nide (Bogatek et al. 2003).

Cyanide may be in volved in al le vi a tion of stress
through its ef fect on syn the sis of eth yl ene (Fig. 2).
Re cently, Smith and Arteca (2000) showed that in
A. thaliana, ACS gene (ACS6) is rap idly ac ti vated
af ter treat ment with cy a nide. More over, the amount 
of ACS6 tran script seen on North ern blots is de -
pend ent not only upon the con cen tra tion of cy a -

nide, but also upon du ra tion of the stress (Smith and 
Arteca 2000). Some data in di cate that the ACS6
gene, whose ex pres sion is in duced by cy a nide
treat ment, is also transcriptionally ac ti vated af ter
me chan i cal stim u la tion, IAA, salt, and ozone treat -
ments (Arteca and Arteca 1999, Smith and Arteca
2000). It is in trigu ing that phys i o log i cally rel e vant
and met a bol i cally “safe” con cen tra tion as low as 1
mM HCN, act ing for 20 min is ca pa ble of ini ti at ing
ACS6 tran scrip tion. Eth yl ene (pro duced af ter cy a -
nide treat ment) may pos si bly in flu ence the rate of
plant growth un der stress. Achard et al. (2003) re -
cently re ported that at least part of the growth reg u -
la tory ac tion of eth yl ene is me di ated via its ef fects
on the DELLA pro teins, which act as a repressors of 
growth in re sponse to eth yl ene. The slow ing down
of the growth is one of the strat e gies which plants
have adopted un der stress con di tions. The abil ity to 
re duce cell growth un der un fa vor able con di tions
may not only al low con ser va tion of en ergy for de -
fense pur poses, but also limit the risk of her i ta ble
dam age (May et al. 1998). More over, stunted
growth was ob served in cy a nide-treated A. thaliana 
plants (Smith and Arteca 2000).

It is also pos si ble that sub le thal lev els of cy a nide
pro duced from ACC to gether with eth yl ene can
play a role in ac cli ma tion of plants to bi otic and
abiotic stresses. Data ob tained un til now with
mam ma lian cells in di cate that their pre con di tion -
ing with sub le thal con cen tra tion of so dium cy a -
nide (NaCN) pro tected the neu rons against sub se -
quent NaCN-in duced dam ages (Jensen et al. 2002).

Thus, cy a nide may trig ger many events which lead
to the ac cli ma tion of plants grow ing un der ad verse
con di tions. More ex per i men tal data is needed to
con firm that these events are com mon for many bi -
otic and abiotic stresses ac com pa nied with the co
evo lu tion of eth yl ene and cy a nide.

The reg u la tory role of hy dro gen cy a nide

in ni trate as sim i la tion

Nitrate reductase (NR), which ca tal y ses the con -
ver sion of ni trate to ni trite, is con sid ered to be the
key en zyme in the pro cess of ni trate as sim i la tion.
Its ac tiv ity may be a lim it ing fac tor in the growth
and yield of grain pro tein in sev eral ce re als. NR
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from alga Chlorella and sev eral other or gan isms
can ex ist in vi tro in two interconvertible forms: ac -
tive and in ac tive. The ac tive form, which cor re -
sponds to an ox i dized state of the en zyme, is con -
verted into a re duced in ac tive form when in cu bated
with NADH and cy a nide (Echevarria et al. 1984).
Cy a nide re acts stoichiometrically with the NADH -
-re duced en zyme to pro duce a sta ble en zyme-cy a -
nide com plex hav ing a dis so ci a tion con stant of
about 10-10 M, which is in the same range as that of
hor mone-re cep tor com plexes (Solomonson and
Bar ber 1990). These re sults in di cate that con cen -
tra tion of HCN re quired for en zyme in ac ti va tion is
of sev eral or ders of mag ni tude smaller than the one
which would in hibit other vi tal pro cesses such as
res pi ra tion. Con versely, the re duced in ac tive form
of NR is rap idly re ac ti vated when ox i dized and this
causes the re lease of bound cy a nide.

Several re ports sug gest the con nec tion be tween cy -
a nide gen er ated in vivo and photorespiration, as
light and ox y gen are re quired for the ef fi cient con -
ver sion of NR to its in ac tive form (Solomonson and 
Bar ber 1990). It has been shown that crude ex tract
of Chlorella cat a lyzes the for ma tion of cy a nide
from glyoxylate (a prod uct of photorespiration)
and hydroxylamine (a pos si ble in ter me di ate of ni -
trate as sim i la tion). The en zyme that cat a lyzes this
re ac tion was sub se quently iden ti fied in Chlorella,
spin ach (Spinacia oleracea) and also in corn (Zea
mays) and bar ley leaves (Hucklesby et al. 1982). It
has a mo lec u lar mass of about 40 kDa, re quires
Mn2+, and has an ab so lute re quire ment for ADP or
a com bi na tion of ADP and ATP.

Solomonson and Spehar (1977) pro posed a model
show ing reg u la tion of photosynthetic CO2 fix a tion
and ni trate re duc tion by HCN, which is gen er ated
dur ing these pro cesses (Fig. 4). Un der the con di -
tions of high intracellular [O2]/[CO2]ra tio,
phosphoglycolate is gen er ated in the re ac tion of
RuBP with oxygenase. Phosphoglycolate can be
con verted to glycolate and then to glyoxylate,
which is the source of HCN. HCN gen er ated in this
way can in ac ti vate NR when the rate of CO2 fix a -
tion is low, and car bon skel e tons for the fix a tion of
am mo nia pro duced by assimilatory ni trate re duc -
tion are in suf fi cient. Also the ac cu mu la tion of po -
ten tially toxic in ter me di ates of ni trate as sim i la tion

such as ni trite, hydroxylamine, and am mo nia is
pre vented.

Cy a nide as a reg u la tor of seed ger mi na tion

Dormancy re moval and seed ger mi na tion ap pear
to be one of the best known pro cesses reg u lated by
cy a nide. How ever, the mech a nisms of these reg u la -
tions are not as yet un der stood. 

Cyanide at millimolar con cen tra tions stim u lates
the ger mi na tion of seeds of dif fer ent spe cies in -
clud ing rice (Oryza sativa), bar ley (Rob erts 1969),
let tuce (Lactuca sativa) (Zagórski and Lewak
1985), pha laris grass (Pha laris) (Junttila and
Nilsen 1980), ap ple (Dziewanowska et al. 1979a,
Bogatek and Lewak 1991) and cocklebur (Xan -
thium pennsylva nicum) (Maruyama et al. 1996). It
is in ter est ing that the stimulatory ef fect of cy a nide
was ob served only when it has been sub se quently
elim i nated from ger mi na tion me dium. The ger mi -
na tion of most of these seeds was, how ever, com -
pletely blocked in the con tin ued pres ence of cy a -
nide when its vol a til ity and chem i cal in sta bil ity
were con trolled. These ob ser va tions in di cate a dual 
ac tion of cy a nide, sim i lar to that sug gested ear lier
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Fig. 4. Cy a nide-me di ated as sim i la tion of ni trate . Mod i fied ac -
cord ing to Dziewanowska (1983).



for stresses. HCN, de pend ing on con cen tra tion, in -
hib its or stim u lates seed ger mi na tion. 

The emis sion of HCN was ob served dur ing the
pre-ger mi na tion pe riod of many seeds, in clud ing
some that did not con tain cyanogenic glycosides
(Esashi et al. 1991). It has been sug gested that the
par tial block ing of the cytochrome sys tem might be 
nec es sary for the suc cess ful ger mi na tion of seeds.
Pos si bly, lib er ated en dog e nously cy a nide may act
on ger mi na tion through the reg u la tion of ox i da tive
elec tron trans port, i.e. par tial in hi bi tion of the cyto -
chrome path way and/or in duc tion of al ter na tive,
cy a nide-re sis tant one (Hasegawa et al. 1994). The
al ter na tive cy a nide-re sis tant res pi ra tion op er ates in 
many plant seeds dur ing im bi bi tion, in ad di tion to
cy a nide-sen si tive one (Morohashi and Matsushima 
1983). How ever, the in volve ment of cy a nide in sen -
si tive, AOX path way in the con trol of ger mi na tion
of pear (Pirus communis) (Alsher-Herman et al.
1981) and af ter-rip ened ap ple seeds (Bogatek and
Rychter 1984) was not con firmed. It has been de -
tected that in iso lated em bryos (ap ple and pear) and
mi to chon dria (ap ple) an AOX path does not op er -
ate dur ing cold strat i fi ca tion, and the ox y gen re -
quire ment un der these con di tions is low enough to
be met even by the partly KCN in hib ited
cytochrome path way. 

The re ac ti va tion of me tab o lism fol low ing seed im -
bi bi tion may be an im por tant source of ROS, caus -
ing stress that might af fect the suc cess ful ger mi na -
tion (see for re view, Bailly 2004). Thus, the in duc -
tion of AOX path way has to be as so ci ated with
stim u la tion of some de tox i fy ing en zymes, in -
volved in ROS elim i na tion. It was con firmed by
Nkang (2001), who dem on strated that cyanide
stim u lated the ger mi na tion of Guilfoylia
monostylis seeds by en hanc ing the ac tiv ity of en -
zymes ca pa ble of de grad ing hy dro gen per ox ide.
Re cent re port (Nun et al. 2003) em pha sizes the sig -
nif i cance of the AOX path way in re mov ing of ROS
in seeds of Egyp tian broom rape (Orobanche
aegyptica), which could arise dur ing con di tion ing
and causes dam ages to the seeds.

Another pos si bil ity to ex plain the ef fects of cy a -
nide on seeds ger mi na tion may be the pre ven tion of 
deg ra da tion of the ac tive form of phytochrome,
which is re quired for ini ti a tion of some es sen tial

ger mi na tion pro cesses (Junttila and Nilsen 1980).
There are also some data on in volve ment of cy a -
nide in reg u la tion of pro tein me tab o lism in seeds,
through pro te ase ac ti va tion (Dziewa nowska 1983).

Some in ter est ing re sults con cern ing HCN-me di -
ated seed ger mi na tion have been ob tained in ex per -
i ments with dor mancy re moval and ger mi na tion of
ap ple seeds. Ger mi na tion of ap ple em bryos iso -
lated from dor mant seeds is slow, but can be ac cel -
er ated by light or gib ber el l ins treat ment
(Smoleñska and Lewak 1971). How ever, seed lings
grown from dor mant em bryos show a num ber of
mor pho log i cal and met a bolic anom a lies. The most
im por tant are in hi bi tion of hypocotyl and internode 
elon ga tion growth, as well as asym met ric growth
and green ing of cot y le dons (Bogatek and Lewak
1991). All these anom a lies are not ob served in the
seed lings grown from non-dor mant seeds, sub mit -
ted to cold strat i fi ca tion, when en dog e nous cy a nide 
in rel a tively high amounts is pro duced and se creted
(Dziewanowska et al. 1979b). Also, short pre-treat -
ment of dor mant ap ple em bryos with gas eous HCN
mark edly stim u lated ger mi na tion and elim i nated
all above symp toms of dor mancy (Bogatek and
Lewak 1991, Lewak et al. 2000). Many ex per i men -
tal re sults in di cate sev eral pu ta tive modes of cy a -
nide ac tion:

1. Re moval of em bry onic dor mancy in ap ple seeds
re quires con sec u tive ac ti va tion of glycolysis and
pentose phos phate ox i da tive path way (PPP) in
sugar ca tab o lism. HCN treat ment ac cel er ated the
ap pear ance of glycolysis (Bogatek and Lewak
1988, Lewak et al. 2000). Since glycolysis pro -
vides the cells with ATP, and PPP re sults in pro duc -
tion of NADPH as well as sev eral spe cific in ter me -
di ates (e.g. pentoses), it is tempt ing to as sume a se -
quence of met a bolic events re quir ing the sup ply of
these prod ucts. The cru cial role of PPP in dor -
mancy break ing and seed ger mi na tion has also
been pos tu lated for other seeds (Fontaine et
al.1994).

2. HCN ac tion on dor mant ap ple em bryos is re lated
to stim u la tion of sugar ca tab o lism (Bogatek et al.
1999, Lewak et al. 2000). Cy a nide pre treat ment re -
sulted in a de crease of su crose con tent, by the stim -
u la tion of al ka line invertase ac tiv ity in up per cot y -
le don of iso lated em bryo. Growth, green ing, and
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su crose hy dro ly sis in the up per cot y le don were
stim u lated by HCN pre-treat ment to the lev els ob -
served in a lower cot y le don, grow ing and green ing
faster (Bogatek et al. 1999).

3. HCN mark edly en hanced eth yl ene emis sion by
the stim u la tion of ACS6 ex pres sion (Bogatek et al.
2004). Al though eth yl ene has been im pli cated in
break ing dor mancy and ger mi na tion of many seeds
(Kêpczyñski and Kêpczyñska 1997), its role in reg -
u la tion of these pro cesses is still poorly un der stood
(Calvo et al. 2004). There is some ev i dence that
cer tain com po nents of eth yl ene sig nal ing path way
are in volved in the reg u la tion of ger mi na tion by
gib ber el lins (GA). Eth yl ene can fully res cue the
ger mi na tion de fect of the A. thaliana GA-de fi cient
mu tant ga-1 (Koornneef and Karssen 1994). Calvo
and oth ers (2004) showed that eth yl ene and gib ber -
el lins (GA) are in volved in break ing dor mancy of
beech tree (Fagus silvatica) seeds, by in flu ence on
ex pres sion of ACC oxidase gene (ACO). There is
no data, how ever, that in di cate the ex is tence of sim -
i lar cross-talk reg u la tion be tween both hor mones in 
dor mant ap ple em bryos af ter cy a nide-in duced syn -
the sis of eth yl ene.

4. Cy a nide-pre treat ment leads to in duc tion of ox i -
da tive stress (ac cu mu la tion of H2O2) in dor mant
ap ple em bryos and to the in crease in the ac tiv ity of
antioxidative en zymes, es pe cially glutathione re -
duc tase (GR) (Bogatek et al. 2003). It may lead to
in duc tion of the pentose phos phate path way
through ox i da tion – re duc tion of glutathione and of
NADP (Bogatek et al. 2003). Glutathione
reductase may also be in volved in ROS al le vi a tion
in ap ple em bryos, sim i larly as in other seeds
(Tommasi et al. 2001). More over, H2O2 it self may
act as a sig nal, trig ger ing some events that lead to
break ing the deep dor mancy of these em bryos.
Microarray anal y sis us ing the A. thaliana Func -
tional Genomic Fa cil ity (AFGC) iden ti fied a large
num ber of genes up-reg u lated by H2O2, some of
them en cod ing for an ti ox i dant en zymes, de fense
and stress-re lated pro teins (Desikan et al. 2001). 

Thus, the re sults pre sented above in di cate that cy a -
nide acts as a sig nal mol e cule trig ger ing many path -
ways, which in con se quence lead to al le vi a tion of
seed dor mancy and stim u la tion of ger mi na tion.

These path ways do not op er ate in de pend ently, but
are rather linked to gether in a com plex web of in ter -
ac tions. A better knowl edge of these events (some
el e ments of cross-talk sig nal transductions) is
needed for a full un der stand ing of cy a nide ac tion in
these cru cial pro cesses.

Pos si ble modes of cy a nide ac tion

as sig nal ing mol e cule

It is dem on strated in the pre vi ous sec tions that
HCN is in volved in the con trol of dif fer ent met a -
bolic, phys i o log i cal and de vel op men tal pro cesses
in plants. A num ber of them con sist in di rect or in di -
rect ef fects upon en zyme ac tiv i ties, as it has been
shown ear lier. Other modes of HCN ac tion im ply
changes in spe cific gene ex pres sion. First, it was re -
ported that cy a nide treat ment of car rot roots in -
duced sev eral new not yet iden ti fied trans la tion
prod ucts (Tucker and Laties 1984). More re cently
the at ten tion was paid to the AOX gene, and to the
ACS gene (ACS6), whose ex pres sion was in duced
by cy a nide (Chivasa and Carr 1998, Smith and
Arteca 2000).

There is still no di rect ex per i men tal data con cern -
ing the re cep tor(s) of cy a nide in the sys tems lead -
ing to se lec tive pro tein syn the sis, as well as some
el e ments of sig nal transduction that lead to this in -
duc tion. On the other hand the ob ser va tions that
eth yl ene and cy a nide elicit some sim i lar phys i o log -
i cal re sponses, show some sim i lar phys i cal and
chem i cal prop er ties, in clud ing the abil ity to per me -
ate mem branes as a gas and to bind to cer tain
metallo proteins (Smith and Arteca 2000), and both
com pounds are pro duced on the same path way, al -
lows to spec u late that both mol e cules share cer tain
com mon steps in the con trol of pro tein syn the sis.
The ob ser va tion that some mu tants of A. thaliana,
which ex hibit re duced re sponse to eth yl ene, also
show a lowered re sponse to cy a nide treat ments
(Smith and Arteca 2000), may sup ports this as -
sump tion. How ever, there is no ex per i men tal data
in di cat ing that cy a nide shares the same re cep tors as 
eth yl ene. The known mem brane-bound re cep tors
of eth yl ene (Chen et al. 2005) and the next down -
stream com po nent iden ti fied in the eth yl ene sig nal -
ing path way CTR1 - Ser/Thr kinase (Huang et al.
2003), that might sug gest the in volve ment of a
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MAP-kinase-like sig nal ing cas cade, seems not to
op er ate dur ing HCN in duced pro tein syn the sis.

There is, how ever some ev i dence that HCN-in -
duced gene ex pres sion might be, at least partly,
shared with other sig nal transduction path ways.
Cal cium mo bi li za tion and re vers ible pro tein
phosphorylation cas cade are ubiq ui tous com po -
nents of eukaryotic sig nal ing path ways and are
both re quired for the con trolled gen er a tion of ROS,
es pe cially H2O2 (Neill et al. 2002). We have men -
tioned ear lier that H2O2 generation has been ob -
served in cy a nide treated dor mant ap ple em bryos
(Bogatek et al. 2003).

According to the sug ges tion of Ordog et al. (2002), 
cy a nide-in duced AOX in some plants in fected with 
vi ruses, may play an ac tive role in HR cell death,
and ROS seems to act pri mar ily as sig nal mol e cule
in this form of pro grammed cell death (PCD)
(Overmeyer et al. 2003). Keeping all res er va tions,
anal o gies with pre vi ously char ac ter ized an i mal
sig nal ing path ways can help to di rect ini tial in ves ti -
ga tion into plant pro cesses (see Hippeli et al. 1999,
Neill et al. 2003). Thus, el e va tion of cytosolic
Ca2+, which is due to both in flux of extracellular
Ca2+, and mo bi li za tion of intracellular cal cium
stores, plays an im por tant role in cy a nide-in duced
apoptosis in cor ti cal neu rons (Shou et al. 2000,
Mathangi and Namasivayam 2004). These re sults
(Shou et al. 2000) and oth ers (Li et al. 2002) also
in di cated that ROS was an early sig nal in cy a -
nide-in duced apoptosis, and that a nu clear re dox
sen si tive tran scrip tion fac tor KB (NF-KB), was im -
pli cated in this pro cess. In ter est ingly, there are also
some in di ca tions for the ex is tence of a sim i lar tran -
scrip tion fac tor NF-KB in plant cells (Vranova et al.
2002). More over, a se quence sim i lar to the NF-KB
rec og ni tion site was iden ti fied in the pro mot ers of
sev eral plant de fense genes (Desikan et al. 2001,
Vranova et al. 2002). Delocalisation of a re -
dox-sen si tive fac tor(s) in plants, from cy to plasm to
nu cleus upon cy a nide treat ment would be the cul -
mi nat ing event, that trans fer sig nal to the nu cleus,
re sult ing in gene ex pres sion. Is it pos si ble that
some of them could be ex pressed in re sponse to cy -
a nide treat ment? 

It would be dif fi cult to imag ine that cy a nide acts as
the only sig nal alone re spon si ble for the or ches tra -

tion of the di verse re sponses de scribed above. Mul -
ti ple in ter ac tions with other sig nal ing mol e cules,
such as ni tric ox ide (NO), H2O2 and eth yl ene, in in -
duc tion and con trol of dif fer ent cross-liked path -
ways is a more re al is tic sce nario. Many of these
mol e cules ap pear to be pro duced in some pro cesses 
reg u lated by cy a nide (Smith and Arteca 2000,
Bogatek et al. 2004, Dobrzyñska et al. 2005,
Bogatek and Gniazdowska 2006). 

Cal cium and MAPK cas cades in volved in sig nal -
ing and up-reg u la tion of re dox-sen si tive tran scrip -
tion fac tors seem to be common for cy a nide, NO,
H2O2, and also for hor mone eth yl ene. More over,
cy a nide (Chivasa and Carr 1998), H2O2 (Moore et
al. 2002), NO (Zottini et al. 2002) and eth yl ene
(Simons et al.1999) are known to in duce the ex -
pres sion of AOX gene. Ear lier, the in ter ac tion of cy -
a nide with other hor mones such as gib ber el lins
(Dziewanowska and Lewak 1982, Zagórski and
Lewak 1985), and more re cently with ABA (Boga -
tek et al. 2003), in reg u la tion of seed ger mi na tion
was noted.

Examples of cy a nide ac tions in plants dis cussed in
the pre ced ing sec tions al low to state that the con -
cen tra tion of HCN plays a role of de ter min ing fac -
tor for these re sponses. Thus, the ques tion arises,
how cy a nide can be both rec og nized as a sig nal and
trans duced in the tar get cell, if it in duces dif fer ent
re sponses (sig nal ing or toxic). Since HCN, sim i lar
to NO, is a sim ple, small and diffusible mol e cule, it
is highly im prob a ble that its transduction in volves
spe cific re cep tors (Neill et al. 2003). Tak ing into
ac count our ear lier con sid er ations that cy a nide in -
duced sig nal transduction events, one may sup pose
that cy a nide, de pend ing on its con cen tra tion,
causes a dif fer en tial dis tur bance of the cell re dox
ho meo sta sis, and thus up-reg u lates dif fer ent re dox
sen si tive tran scrip tion fac tors, which in turn ac ti -
vate dif fer ent genes.

Re cent data con cern ing some plants sub jected to
os motic stress in di cate that dif fer ent re cep tors and
stress-in duced sig nal transduction path ways may
be ac ti vated in cells re spond ing to mild or se vere
stress ors (Munnik and Meijer 2001). These prob -
lems has been re cently dis cussed in de tails and re -
viewed by Kacperska (2004). There ap pears to be
two groups of mem brane-de pend ent stress-sens ing

492

I. SIEGIEÑ & R. BOGATEK



sys tems in plant cells: re dox/H2O2-de pend ent sys -
tems, and those de pend ent on per tur ba tion in cell
wall-plasma mem brane in ter ac tion (Kacperska
2004). Is it pos si ble to ex plain the mode of cy a nide
ac tion based on this model? Ge netic anal y sis and
fur ther phys i o log i cal stud ies will im prove our un -
der stand ing how cy a nide is per ceived and trans -
duced into spe cific down stream re sponses.

Con clu sions and fu ture de vel op ments

Data pre sented in this pa per in di cate that the stud -
ies of HCN mode of ac tion have be come a new ex -
cit ing field in plant bi ol ogy. The ques tion about its
toxic or pro tec tive role has been stated pre vi ously.
The reg u la tory (sig nal ing) func tion in plant me tab -
o lism is now un der lined. It seems that cy a nide pos -
sesses some prop er ties char ac ter is tic for sig nal ing
mol e cules: a) is pro duced quickly and ef fi ciently
on de mand; b) in duces spe cific re sponses within
the cell at low con cen tra tions, some times as low as
1 mM; c) and can be me tab o lized (re moved) rap idly
sub se quently to sig nal ing events. It is worth to note
that cy a nide as a gas eous mol e cule may eas ily dif -
fuse not only through cyanogenic plant tis sues, but
also may be re leased into the sur round ing at mo -
sphere, sim i larly to eth y l ene, methyl jasmo nate and 
fun gal or bac te rial sub stances. There fore, it acts not 
only as de ter rent for her bi vores, but it may also af -

fect the growth and me tab o lism of neigh bour ing
plants. HCN and cyanogenic glycosides have been
re cently iden ti fied as alle lopathy com pounds (Tre -
tyn 2002, Inderjit and Duke 2003).

Although there are an ever-in creas ing num ber of
HCN re sponses rec og nized in plants, many ques -
tions re main to be an swered. There are no data con -
cern ing spe cific re cep tor(s) of HCN in cells. We
still know rel a tively lit tle about the sig nal trans -
duction pro cesses, in volved in HCN reg u la tion of
many pro cesses within the plant cell. It is known for 
animal cells that cy a nide mo bi lizes Ca2+ from
intra cellular stores, which al ters plasma mem brane
func tion via the ac ti va tion of Ca2+-sen si tive K+

chan nels (Latha et al. 1994). Do sim i lar mech a -
nisms ex ist in plants? Ge netic anal y sis in ad di tion
to phys i o log i cal stud ies will be re quired to sup port
the ex is tence of other el e ments, de tected in mam -
ma lian cells.

Little is also known about cy a nide in ter ac tion with
other sig nal ing mol e cules, as eth yl ene, gib ber el lins 
or H2O2. NO has in re cent years emerged as a key
sig nal ing mol e cule in plants (e.g. Wojtaszek 2000,
Neill et al. 2003), and sim i larly to H2O2, it is
known to be a part of an in te grated net work of cell
sig nal ing. Cy a nide as well as ni tric ox ide and eth yl -
ene, are small gas eous mol e cules, with sim i lar
chem i cal prop er ties and sim ple struc ture. More -
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Fig. 5. Pos si ble routes of sig nal ing ac tion of cy a nide in plants.



over, cy a nide seems to be in volved in reg u la tion of
many pro cesses, which are con trolled by NO and
eth yl ene.

The sig nal ing role of the HCN in plant me tab o lism
is pro posed in the sche matic di a gram (Fig. 5). We
may ex pect, how ever, that fur ther re search will
prove the sig nif i cant reg u la tory role of cy a nide in
such pro cesses as growth, flow er ing or se nes cence
of plants.
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