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Abstract: In dept h study of NO reveals that NO is a bio activ e mo lecule that ex erts a number o f r oles in many phy sio lo gical and

patholog ical pr ocess. NO is pr oduced in r esponse to dr ought, salinity , t emperatur e shock and pathogen a ttack. NO rapidly

rea ct s with ROS, ABA and other hormones and dir ect ly or indir ectly r egulate ethy lene biosynthesis. The autho rs rev iew the

response of betw een plant NO and kinds o f st resses, and possible mechanism w as discussed.

Key words: nitr ic ox ide ( NO ) ; plant str ess; et hylene ; ROS

CLC number: Q945. 1　　　　　Document code: A　　　　　Article ID : 1005-3409( 2005) 03-0091-04

　　NO is an impo rtant bioa ct ive agent that mediates a w ide

var iet y o f physio lo gical and patholog ical ev ents in plants as

in animal. Recent st udy show s that it play s an im po rtant

ro le in improving t he plant's resistance t o a variety of

stresses.

1　Properties of NO

Nitr ic ox ide is a diatomic gaseous free r adica l. It has an

unpair ed electr on, but r emains uncharg ed. It can change to a

more fav or able electr on str uct ur e thr ough gaining o r losing

an electr on, so t hat NO can exist as three inter changeable

species: the radical( NO ) ; the nitr osonium cat ion( NO+ ) ; and

the nitr ox yl r adical ( NO - ) . [ 1] NO is a sm all w ater and lipid

soluble g as; it no t only is able to m ove by diffusion in

aqueous part s o f the cell, but also to move freely thr ough

the lipid phase of membranes. It can move fr om one cell to

another o r w ithin a cell. As a r eactiv e fr ee radical, it has a

relatively shor t half-life ( 5～12 s) . NO rapidly r eacts w it h

oxygen to produce a var iety of nitr og en ox ides. The st ability

and decay o f NO are dependent on it s concentrat ion, t he

redox stat us o f the system, and the concentr ation of it s

tar get molecules and metals. [ 2]

Since its discovery as an endogenous free r adical, NO

has been proposed to be either cyto tox ic o r

cytopr o tect ive . [ 3] NO as a r eact ive m olecule, can damage t he

host plant . The cyt opro tection is based on NO's ability to

regulat e t he level and t ox icit y of ROS. The complex r edox

chemistr y of NO , w hich is r elated to changes in the ambient

redox milieu, is hypot hesized t o pr ov ide a gener al mechanism

for cell r edox homeostasis r egulation. [ 4] T hus, NO can exert

a pr ot ect ive action against ox idative stress pr o voked by an

increased concentr ation of super ox ide, hydro gen per ox ide,

and alkyl per ox ides. In addition, the NO mo lecule it self

po ssesses antiox idant effect. [ 5]

2　NO and drought stress

W ater deficit is associated w it h the accumulation of

ABA and the induction of ABA-regulated genes. [ 6]ABA can

cont ro l stomat al movement t o r egulate the w ater loss

t hr ough the tr anspir ation str eam while balancing the

r equirement of gas exchange fo r pho to synthesis. [ 7] ABA

accumulat es in leaf tissue, g ener ating a net loss of guard cell

t ur g or t hat leads to st omata l clo sur e, thus reducing

t ranspirat ion w ater lo ss. [ 8]

Recent resear ch has indicated that NO and it s synthesis

is a pr erequisite fo r ABA signal transduction in A rabidopsis

and V icia guard cells. The experiment show ed that NO

selectiv ely r egulates Ca2+ sensit ive ion channels of vicia

guard cells by r eleasing Ca2+ fr om intr acellula r stor es t o

r aise cyt osolic-fr ee ( Ca2+ ) . NO scavenger failed t o blo ck the

activat ion o f the K + channels evoked by ABA . These r esults

showed that NO functions w ithin one branch of t he Ca 2+ -

signaling pathw ays w as engaged by ABA . [ 9]

Bot h deta ched w hea t leaves and wheat seedlings w hich

w ere subjected to dr ought str ess condition w ere pret reated

w it h exogenously NO and ret ained up t o 15% more w ater

compare to the pr etr eated with wat er o r NO 2
- / NO3. [10]

Recently , it was show ed t hat exogenous addition o f NO

t o bo th monocot and dico tyledonous epiderma l st rips w as

sufficient to induce stomatal closur e thr ough a Ca2+ -

dependent pro cess. [ 10] M oreover it w as further repor ted that

in Pisum st ativum and V icia fava , ABA induces an increase

o f endogenous NO levels. This bulk of ABA induced NO

production w as r epor ted to be sufficient and necessary for
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ABA induction of stomatal clo sur e. [11, 12]

Oxidative str ess w as pro ved to be genera ted as a

consequence o f drought in t he plant. NO can allev iate

sever al consequence of o x idativ e str ess such as chlor osis,

DNA fr agmentat ion and apopt otic cell death. [ 3] One

consequence of the ox idativ e str ess is the ion leakage fr om

the cell t o int ercalary compar tment. The r esult [10]　 show ed

that the per centag e of ion leakage was significantly low er in

those leaves tr eated w it h NO after a drought per iod and

subsequent r ehydration. A number of w ater-deficit -induced

gene products ar e pr edicted to pr ot ect cellular str uctur es

fr om the effect of wat er lo ss, w hich were named lea genes.

Garcia M ata C et al ( 2001) found t hat leaves detached fr om

w hea t seedling s treat ed w ith the NO release SNP , ther e is

an accumulation o f the LEA3 tr anscr ipt after differ ent

dr ought per iods compared w ith contr ol leaves, according to

the accumulation of the LEA3 pro tein and the increase of

the lea RNA . Tho se r esult suggested that NO can acting

somew here in the signal t ransduction pathw ay of the LEA

expressed dur ing the dr ought st ress response. [ 10]

3　Salt, heat, metal stress and NO

Using NO dono r and inhibito rs, it was found t hat a

clo se relation betw een NO accumulat ion and element r atio.

The treat ment o f Dune reed with NaCl r esulted in t he

gener ation of NO, w hich reduced t he Na+ percentag e and

increased the K + to Na+ r atio. NO enhanced RW C ( relat ive

w ater content ) and r educed M P ( membrane permeability )

under salt str ess. NO induced salt r esistance by influencing

elem ent r atio s in the Dune reed. [ 13] Shen w - b et al found

that t he NO dono r can effectively at tenuat ed t he wheat

leaves ox idativ e dam age caused by salt stress. NO can

markedly activ ate the SOD and CAT activities, delay t he

accumulation of O 2
- and H2O2 , but incr ease PAL level. [ 14]

Pretr eating r ice seedling s w ith low level of NO

permitted the sur vival of more gr een leaf tissue, and of

higher quantum yield for pho tosy stem Ⅱ, than in non-

tr eated cont ro ls, under salt and heat str ess because

pretr eatment induces no t only activ e oxygen scaveng ing

enzymes act ivities, but also expr ession sucro se-phophate

synthase. [ 15]

Kopyra M found t hat NO donor sodium nitr oprusside

( SNP ) stimulates seed germina tion and root g row th o f lupin

( L up inus luteus L . cv Vent us) . T he prom oting effect o f NO

on seed germination per sisted even in t he pr esence o f heavy

metals ( Pb, Cd) and sodium chlor ide. The inhibito ry effect

of heavy met als on ro ot gr ow th w as accompanied by

increased activity o f supero xide dismutase ( SOD ) . So they

conclude t ha t the pr otective effect of NO in stressed lupin

ro ot s due t o the stimulation o f SOD activity and/ or direct

sca venging of t he supero xide anion. [ 16]

NO can regulate the synthesize and activit y o f ROS. It

can pro tect against cellular damage produced by

m et hylvio lo g ens diquat and pa raqua t in po tato leaves. T hree

NO donor s w ere all able to pr event chlor ophyll lo ss.

However t he special NO scavenger , carboxy-PT IO , inhibited

NO-mediated chlor ophyll pr otection. M ethy lv io lo gen

compounds can cause an overpr oduct ion of r ea ct ive oxygen

species ( ROS) within chlor oplasts, subjecting the plant to a

severe ox idativ e str ess. Dur ing the ox idative st ress, cell ion

leakage to intercellular compart ment s occur s. NO proved t o

specifically decrease t he ex tent o f ion leakage o rigina ted by

diquat. NO can strongly pr otect plants from methy lv io lo gen

damage and str eng then the evidence in favo r of NO as a

po tent ial antio xidant in some situations. [3]

But M alerba M 's study show ed that t he Fusico ccin-

induced accumulation o f nitr icox ide in sy camo re cultured

cells is not r equir ed fo r the to xin-stimulated str ess-r elated

r esponses. NO production induced by Fusicoccin result in an

accumulat ion of NO in the culture medium and in the

sycamore cells. Scaveng ing of NO by cPT IO does no t

pr event the stimulation effect of Fusicoccin on str ess-r elated

r esponses. So they thought t hat NO does not act as a signal

fo r t he other Fusicoccin-induced responses her e consider ed,

but rat her its pr oduction can be regarded as anot her

sympt om of a str ess condition br ought about by the

t ox in. [ 17]

4　Nitric oxide and PCD

PCD is a genetically determined, m et abolically directed

cellular pro cess r esulting in cell suicide. NO induced cell

death also possessed the char acterist ics of PCP, such as

chr omatin condensa tion, the r equir ement for g ene expression

and the activ ation of a caspase-like cascade . [ 18]

Delledone et al have show n that the inter act ion bet ween

NO and ROS can determine whether or not PCD occur . NO

by itself do es no t induce PCD in soybean cell cult ur e, but it

m ay be that the NO to super o xide ra tio determines PCD . [ 19]

A co rr elat ion am ong H2O 2, NO and antio xidant lev els has

been demonst rated recently by de P into et al. In t obacco BY-

2 cells, neither NO no r H2O2 alone at low concent rat ions had

any effect on PCD or on the act ivity o f PAL . How ever ,

t reatm ent with both H2O 2 and NO together induced a

subst antial incr ease in cell death w ith char acter istics of

PCD, as w ell as PAL activ ity . T his t reat ment a lso caused an

incr ease in t he activ ities of enzymes reducing a sco rbate and

g lut athione. [20] Beligni et al ( 2002) have pr ov ided data

indicating an antio xidant r ole fo r NO acting during

developmental PCD induced by hormones. In barley aleur one

lay ers, GA-induced PCD was delayed in the presence of NO ,

w hich co rr elated w ith a delayed lo ss of activit y of the

antiox idants catalase ( CAT ) and super ox ide dismutase

( SOD ) . [21]

5　NO Ethylene and Senescence

Et hy lene plays an active r o le in many responses t o
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envir onmental str esses and to endogenous signals

tr ansfo rma tion. Ethylene influences m any stag es of plant

gr owth and development, fr om germination and cell

expansion t o str ess r esponses and fruit r ipening. [22]

Some repor ts indica te that NO may have anti-

senescence propert ies. Ev idence o f t he interplay betw een NO

and ethylene in the matur ation and senescence o f plant

tissue suggests an antagonistic effect o f bo th gases dur ing

the plant's development. L eshem & Harum aty found that

application o f an NO dono r t o pea leaves under senescence-

promoting condit ions decrea sed generat ion of ethylene, an

endogenous mat ur ation hormone. That w as show n to result

fr om an inhibition o f ethy lene bio synthesis. [ 23] Recently, it

w as demonstr ated by a noninvasiv e pho toacoustic

spectr oscopic method, that endogenous NO and ethylene

content maint ains an inver se co rr elation during the ripening

of st raw berr ies and avocados. While unr ipe, g r een fruit s

contain high-NO and low -et hylene concentr ations; t he

matur ation pr ocess is a ccompanied by a marked decr ease of

NO concomitant w ith the incr ease of ethy lene. [ 24]

The sto rag e cour se of the hor ticult ur al product is an

integ rat ed str ess for the ho rt icultur e pr oduction. Lesshem et

al found that tr eatment w it h NO can markedly delay

senescence and ex tend shelf of both climacteric and non-

climacteric fr uit, flower s, v egetable and legume sprout

species. [25]

In our labor ato ry , w e found that applicat ion of

ex ogenous NO by direct fumigation in an O2
- fr ee

atmospher e can ext end the shelf life in toma to. NO

tr eatment no t only markedly delay the timing o f t he

respir ation and et hy lene peaks, but also can attenuated t he

accumulation of membrane penetr ation and counter act t he

deg r adat ion o f chlor ophyll ( Ren et al. unpublished) . T hese

results agr ee w ith Tu Jie's exper iment. [26]

6　Nitric oxide and plant disease

Nitr ic ox ide plays a key r ole in plant disease. T reatm ent

of pota to tuber t issues with the NO dono r NOC-18( 1～10

mM ) provoked an accum ulation of phyto alex in r ishitin, an

endogenous antibio tic com pound. T he effect of NOC-18 w as

countera cted by the specific NO-scavenger carboxy-PT IO

and by the free r adica l scavenger T iron. [ 27]

Nitr ic o xide has been pro ved to pr otect chlor ophyll

levels in po tato leaves that w er e infect ed w it h the pathogen

Phy top hthora inf estans . [ 28] The effect w as achieved with low

NO concentr ations ( 10～100L, SNP ) . NO did not affect P .

inf estans gr ow th and viability , suggesting that its pr o tect ive

effect inpotat o w as r elated to the plant 's defense

mechanisms. Beligni et al found w it h enough ev idence that

an incr ease in t he mRNA levels o f phenylala lanine-

ammonialase ( PAL ) , B-1, 3-glucanase and g ly ceraldehydes-

3-pho sphate dehydrogena se upon tr eatment w it h NO

donor s. [ 3]

NO dono rs can invoke a hyper sensitive response ( HR) .

HR is a r esponse char act erized by rapid host cell death at

t he pathogen penetr ation site. A s a result, the g row th and

development o f the fungus is r est ricted. Thus it helps

pr otect fungus spr ead t o ot her parts of the plant . The HR is

t rigg ered by a r apid and tr ansient pr oduct ion o f ROS, called

t he ox idative bur st. In t he r esist ant t obacco TM V

inoculation led to an incr ease of NOS activ ity , but no

infection. [29] Pretrea tment o f the t obacco plants or

suspension cells with NO dono rs o r recom binant NOS

protein can tr ig ger expr ession of pathogenesis-r elated

protein ( RP-1) , PAL and incr ease total salicylic acid ( SA )

levels; SA is a plant messenger mo lecule involved in

r esponse to bio tic stress. [ 30] T he ability o f NO to up-regulate

PAL mRNA levels means that t his g as may be invo lv ed in

plant defense mechanisms by bot h SA-dependent and SA-

independent pathway s. [ 31]

F ig1　P ropo sed mode NO and pero xynitr ite

dow n regulation of et hy lene

7　Possible Mechanism

Et hy lene is no t only an kind of endogenous m aturation

ho rmone, but also is a kind of env ir onmental stress

co factor . Since many env ironment al str ess responses ar e

asso ciated with ethy lene upsur g e, this can stimulate

senescence, abscission of casualty tissue , and induce special

defense pr o tein production. Experiments show ed that

application o f ex ogenous NO can decrea se the ethy lene

emission. Lesslem et al hypot hesized that NO block the

et hy lene biosynt hesis thr ough the fo llowing mode, as show

in F ig . 1. The co factor s fo r the ACC ox idase ( ACO ) ar e

asco rbate and Fe2+ . ACC synthase ( ACS) , the penultimate

enzyme in ethy lene synt hesis, is pr om oted by auxin. A s

presented in fig5, it is suggested that NO and/ or the

per oxynit rites may inhibit the ethy lene biosynt hesizing

activity o f bot h enzymes by ox idative inactivation o f their

co-facto rs: ascorbate and Fe2+ in the ca se of ACO; aux in the

case o f ACS. T hus the pr esence o f the NO fr ee r adical may

m arkedly reduce t he r ate o f ethylene em ission. [25]

Recently , nitric ox ide t og ether with r eactiv e oxygen

species ( ROS) has been po st ulated to be r equired for the

activat ion o f the hyper sensitiv e r eact ion, a defense r esponse
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induced in noncom patible plant-pathogen inter action. [ 29] NO

also can int eracts w ith ROS, which comes fr om drought

stress, [10] salinity , [ 13, 14] heat, chilling and o ther str esses, [15] in

var ious w ay s and might function as an ant iox idant. [32]

Alt hough there is now mo re evidence that NO exerts an

unprecedented diver sity of biolog ical effects, our know ledge

about the r eal r o le o f NO dur ing the many str ess conditions

is ver y lim ited. The int egr ation of NO funct ions w ith plant

physiolog ical and patho lo gica l pr ocesses, especially w ith

plant stress w ill have necessa rily to be examined in more

detail in o rder t o illuminate potential funct ion in plant NO

biolog y. T r eatment with exogenous NO in hor ticult ur e

pr oduction might pro vide an effect ive way t o st udy the

r elationships am ong NO, ROS and ethylene in o rder t o

demonstr ate the possible mechanism of NO and plant

str ess.
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操作, 智能化、交互性是该阶段的最大特点。专家系统、人工

智能、神经网络等被融入到数字流域中,使流域在数据获取、

分析、管理、应用方面实现高度智能化, 自动化程度将大大提

高。建立基于 Java分布式服务系统, 通过 Java Applet构建

用户端请求图形元素方式的系统体系结构,用户可以对所得

到的图形元素或地图图像进行浏览、查询、并编辑生成新的

图形, 实现信息的智能化获取与交互性操作。管理上, 分布式

虚拟管理系统可以将平面管理的信息延伸至任意想象空间,

流域虚拟再现成为现实。

4. 3　高级阶段

“数字流域”全面网络化、社会化服务阶段。建成以各种

高新技术集成于一体为特征的先进、便捷、实用化系统。数据

获取(包括空间信息的自动提取、基于特征的专题属性的知

识挖掘技术、GPS、DOQ 对流域空间信息和动态更新、图形

的智能化生成等)、数据分析处理 (包括各类叠加分析、统计

分析、专题模拟、缓冲区分析、DTM 模型分析等)、数据管理

(包括基于纯面向对象数据库 OODB 的对象与底层表示分

离、空间属性与非空间属性平等定位, 实现属性数据和空间

数据一体化管理体制)、数据应用 (实现网络虚拟地理环境,

让用户从不同应用角度的视点出发,利用自然的技能和某些

设备对这一生成的虚拟世界客体进行浏览和交互考察、提供

优化实施方案和动态模拟等)实现一体化。真正实现定位需

求、定位感知、最优决策的个性服务,整个流域形成一个开放

的、规范的、虚拟的、网络化的系统。
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