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ABSTRACT

Plant gene responss to changing carbohydrde status can vary markedly. Sone
genes are induced, sone are represseal, and others are minimally affected. Asin
microorganisms, suga-sensitive plant genes are pat of an andent sysem of
cellular adjusiment to critical nutrient availability. However, in multicellular
plants, suga-regulated expressbn also provides a mechanism for control of
resoure distribution amongtissue and organs. Cabohydrae depletion upreu-
lates genes for phobsynhesis, remobilization, and export, while decreasing
MRNAs for storage and utlization. Abundant suga levels exert opposie effects
througha combinaion of gene represson and indudion. Long-erm changes in
metabolic activity, resour@ partitioning, and plant form result. Sensitivity of
carbohydrae-responsve gene expression to environmental and developmental
signds further enhances its potential to aid acclimation. The review addresse
the abovefrom molecular to whole-plant levels and consders emerging modds
for sensing and transduéng carbohydrde signds to responsve genes.
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INTRODUCTION

In plants ard microorgansms, sugars not only function assubstratesfor growth
but affectsugar-sensing systens thatinitiate chargesin gere expression. Both
abundance and depetion of catohydratescanerharce or repress expression
of genes Regonsesvaty depending on the catbohydrate, though metalwlic
flux may be more importart than actwal levels of cabon reources Many
sugar-modulated genes have direct ard indirect roles in sugar metalolism,
which suggedsthattheir altered expression may have adaptive value. Not only
do cdlective, long-term chargesin metaklolism reault, but pattens of cato-
hydrateallocation anong plant parts canalso be altered

The existerce and potertial importance of sugar-regulatedgene expression
in plants hasbecane apparert only in the pag few yeas. Previous eviderce
indicatedthat sugar supplies could alter ereyme activities, metatolism, ard
developmert, but these dataard their significance were gererally not viewed
in the context of gere expression. Initial work on photosynthetic genes ard
their metalwlic effectasis reviewedby Sheen(161) and discussed by Stitt et
al (175). Thomas& Rodriguez(187) summatrize metatwlite regulationin cereal
seedings ard further appraise the geminating ceteal seedasa model system
(188). Koch & Nolte (84) relate agtarcesin sugar-modulatedgene expression
to effectson trarsport paths. Classical apectsof altered catbohydrate avail-
ahlity on whole-plant and organprocesesare appraisedby Farar & Williams
(34) and Wardlaw (199), with updatesby Geiger et al (43), Quick & Schaffer
(139), and Pollock & Famar (134). Information on sugarregonsive gere
expression is also availade for microbial (15, 40, 150, 158, 192) ard animal
systens (195).

CARBOHYDRATESAS SUBSTRATESAND SIGNALS

Biological Significanae

In microbes cabohydratesignalsto sugar-regponsive geresprovide away for
these orgarisms to adust to changesin availahility of esertial nutrients. This
capacityis vital to their survival and/or effective competition. Classic exanples
include control of the lactose operon in Escherichia coi and the glucaose
regponsive geresfor sugar metalolism in Saccharomycescerevigae (15, 40,
150, 158, 192). Similar regponses have more recertly beenidertified in uni-
celldar algae (9, 93, 155, 172).

In multicellular organisms, however, acclimation to altered catbohydrate
availahlity occurs within a complex structure. Sugar-regulatedgeresprovide
amears not only for integrating cellular regonsesto transport sugars (carying
information on carohydrate status of the whole) but also for coordinating
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chargesin resource utilization and allocation among parts. In addition, cartbo-
hydrateregonsive gerescaneffect chargesin organismal developmert.

For plantsin patticular, catbohydrateregulatedgeresrepresent anegecially
valuabe mechanismfor adqustingto environmertal charge.Plantsareextremely
sersitive and regonsive to their surroundings becatse immobility leavesthem
fewoptionsfor survival otherthanacclimation. Sugar concertrationsvary over
awide rarge in plant tissues This range typically exceed that found in more
homeostatic systerms (suchasthe manmalianblood strean) and providesplants
with both a broader rarge of signals ard a greaterchallerge to adustmert.
Sugar-medatedchargesin gere expression are also unique in plants becaise
charges in cabohydrate allocation can ultimately modulate form through
procesesaffecting import/export balarce (photosynthess vs utilization).

Effectsof camohydrate availahlity on expresion of specific genes may
complement ard anplif y the influence of more immedate metatolic controls.
Although geredevel regonses are dower, they provide a magnitude ard
duration of change thatcamot be accanmodatedby other mears of regulation.
The signals ard regulatory mechansms controlling the two procesesappear
to be quite differert.

“FEAST AND FAMINE” RESPONSE®RT THE GENE
EXPRESSON LEVEL

“Feas and famine” is used here in a relative context ard is not necesarily
basdon alsolute levelsof catohydrate(seesection on Catbohydrate-Sensing
Systens). In the same way, “sugarmodulated” “carbohydrateregonsive;’
ard “metatwlite-regulated’ gere expression are broady inclusive. Transcrip-
tional regulation is usually implied ard is substartiatedin mary instances(77,
89, 160, 161), but message stahlity ard turnover canalso be involved (162).
Inary ca®,the ultimateeffectsof alteedmRNA levelsdepend on the efficacy
of trarslation, turnover and/or modification of protein products and the me-
tabolic context into which such chargesare introduced

The overall theme of Tades 1 and 2, together with discussion of saliert
featuesin this section, is that of catbohydrateregonsive gere expression as
a mechanism for plant adustmert to altered availahlity of this esertial re-
source. Known exanples of sugar-regponsive gere expression are orgarnized
by cabon-exporting and -importing tissuesto help clarify the potertial of their
cdlective relevarce to each In gereral, catbohydrate dedetion erharncesex-
pression of geresfor photosynthess, resrve mobilization, ard export proc-
eses (Tabe 1), whereasabundart catbon resourcesfavor geresfor storage
and utilization (Tabe 2). Thee effects summarized schematically in Figure
1, reinforce the suggedion that sugarregonsive geres provide a mears of
adusting whole-plant resource allocation ard may ultimately contribute to
adaptive chargesin form.
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Table 1 “Famine” geres erhancedby sugar depetion

Genes/enzymes (function) Evidence: plant, tissue Effectors tested Refs
Photosynthesis
Rubisco S-subunit [rbcS] Zea protoplast, trans expr S, acet 160, 161
tomato lvs S G 194
Chenopodium cell cult + G 89
tobacco and potato plants S, G + girdl 89
tobacco leaf protoplasts G 25
Rubisco L—subunit [rbcL] Chlorogonium cell cult acet 9, 172
chl alb-binding protein (cab, Zea protoplasts, trans expr S, G, acet, oth 160, 161
Lhcb) Chenopodium cell cult G 89
tobacco leaf protoplasts G,S 25
rape cell cult G 55
Chlamydomanas cults acet 79
atp-o thylakoid ATPase Chenopodium cell cult G 89
malic enzyme, C4 [Mel] Zea protoplasts, trans expr S, G, acet, oth 160, 161
PEP carboxylase, C4 [Pepcl] Zea protoplasts, trans expr S, G, acet, oth 160, 161
triose-phosphate transl ocator tobacco Ivs S 82
pyruvate PPdikin [Ppdk1] Zea protoplasts, trans expr S, G, acet, oth 160, 161
C4-pyruvate phosphodikinase Zea protoplasts, trans expr 160, 161
(C4 psynth) Chenopodium cell cult 70
89
Remabilization (starch, lipid, and protein breakdown)
Amy3D, Amy3E a-amylase rice cell cults S, G,F, Md 61, 180
a-amylase rice, cult embryo, and scutel S G, F, 74, 187, 214
endo extract
barley aeurone Na-butyrate 94
plastid starch phosphorylase Chenopodium cells, Ivs G 91
phosphoglucose mutase Chenopodium cells, Ivs G 91
isocitrate lyase [Icl] (glyox cycle)  cucumber cotyledons S, G, F, 2dG, 50, 51
Chlorogonium cells M + acet 155
malate synth (glyox cycle) cucumber cotyledons S, G, F, 2dG, 50, 51
M
proteases maize root tips G 13
asparagine synthetase (N cycling)  Arabidopsis shoot tissues S 95
Sucrose and mannitol meabolism (synthesis and breakdown)
acid invertase maize root tips [Ivrl] G, S, F, oth 86, 209, 210
S synth maize root tips [Sh1] S, G, F, oth 85
maize protoplasts [Sh1] S 104
carrot, whole plant pruning 179
Vicia seeds, cotyledons F, G 57
Arabidopsis [ASusl] sink manip 106
SPS sugar beet rts, lvs S 60
Mtol dehydrogenase celery cell cult S, Mtol 133

Abbreviations: 2dG, 2-deoxy-glucose; acet, acetate; cult, culture; endo, endosperm; F, fructose; G, glucose;
Lhcb, light-harvesting chlorophyll-binding protein (also cab); Ivs, leaves; M, mannose; Mal, maltose; Mtol,
mannitol; PEP, phosphoenolpyruvate; PPdikin, phosphodikinase (cytosolic); rts, roots; scutel, scutellum; Shi,
Shrunkenl; S, sucrose; SPS, sucrose phosphate synthase; trans expr, transient expression; synth, synthase.
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Carbohydrate Depletion and SugarResponsve Genes

Plant and microbial gene regonsesto cabohydrate dedetion have important
similarities but differ aswell. In both plants and microbes sugar ard acetate
effectsfavor uptake of preferred substratesrequiring the leag metalwlic cost
ard promote hetelotrophic growth over photosynthess when possible. How-

Table 2 “Feag” geres erharcedby sugar abundarce

513

Genes/enzymes (function) Evidence: plant, tissue Effectors tested Refs
Pdysaccharide biosynthesis (starch and other)
AGPase [Sh2] (starch) Chenopodium cell cult + spinach, 91
transgenic potato lvs 92, 116
potato/detached Ivs in dark 87
starch phosphorylase potato tuber S 171
potato/detached Ivs in dark S 87
starch synth [GBSS] potato/detached Ivs in dark S G, F 87
branching enzyme [BE] potato/detached Ivs in dark S G, F 87
cassava stems and lvs S G, F 152
Sorage proteins
sporamin, A & B types sweet potato/cult plts/stems S 56
sweet potato/lvs and petiole S G,F 65, 122
S, pgd a
[-amylase (storage protein?) sweet potatoes and Ivs S G, F 122
sweet potatoes and Ivs pga a 127
patatin class | transgenic potato S 52
promoter S 36, 143
potato tubers and Ivs S 78
transgenic potato lvs and tuber S, starch 99
potato tuber/transgenic tobacco S 202
potato leaf and stem explants S 202
potato leaf and stem explants S, GIn, dk 131
transgenic potato tubers sol. sugs. 117
proteinase inhibitor I [Pin2] transgenic potato tubers sol. sugs. 117
potato lvs/transgenic tobacco S, G, F, Ma 70
detached potato lvs ABA, MeJA 131
transgenic tobacco S, G,F 78
lipoxygenase (storage protein) soybean Lox-NR depodding 53
soybean VspB S, Ma 149
soybean Vs S G, F, MeJA 107
Pigments and defense
chalcone synth (pigment/path.) petuniain Arabidopsis, afafa S G, F 193
protoplasts, Camdia sinensis p-coumar 101
sugars 183
RT locus (pigment synth) petunia/petal, anther G + light 14
dihydroflavonol-reductase ivy lvs and stems sugars 120
Mn-superoxide dismutase rubber tree/all tissues S 110
hrp (pathology) Xanthomanas campestris S+ Met 157
chaperonin 60B (protein synth) Arabidopsis Ivs S 215
Respiration
PGAL-dehydrog. (GapC) cyto Arabidopsis lvs S 211
[B-isopropylmalate dehydrog. potato, tomato, Arabidopsis S, AA 66
apocytochrome 6 (co6) Chlorogonium cell cult 93
PP-F-6-P phosphotransferase Chenopodium cell cult, tobacco, G 92
(cytosolic enzyme) and spinach Ivs G 92
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Table 2 (Continued)

Genes/enzymes (function) Evidence: plant, tissue Effectors tested Refs
Sucrose meabolism
invertase maize root tips [Ivr2] S G,F 87, 209
Chenopodium rubrum S, G, F, 6dG 144
carrot, whole plant manip. 179
Ssynth maize [Susl] S G, F 86
rice embryos S G,F 74
Vicia faba cotyledons S 57
potato tubers, Ivs, stems S 151
potato plants, throughout S 37,38
Chenopodium cell cults S G,F 46
SPS sugar beet petioles G 60
transgenic potato sol. sugs. 117
Other
nitrate reductase Arabidopsis Ivs light/dark S G,F 196
Arabidopsis plants light/dark G 18
Chenopodium cells/spinach Ivs 91
SAM synth Loliumlvs S 208
ro/C gene of Ri plamid transgenic tobacco/phloem S 213
30-kD Rubisco-assoc. protein soybean Ivs pod removal 171

Abbreviations: 6dG, 6-deoxy-glucose; AA, amino acids; cult plts, cultured plants; F, fructose; G, glucose;
GapC, PGAL-dehydrogenase (cytoplasmic); GIn, gutamine; Glu, glutamate; Ivs, leaves; Mal, maltose; MeJA,
methyl jasmonate; Met, methionine; p-coumar, p-coumaric acid; PGAL, glyceradehyde-3-phosphate
dehydrogenase; pga a, polygaacturonic acid; PP-F-6-P phosphotransferase, pyrophosphate:fructose-6-
phosphate-phototransferase; S, sucrose; SPS, sucrose phosphate synthase

ever, in complex plant systens, cabohydraterequlatedgeresalso provide a
mears for optimizing invegmen of C, N, P, etc anong differert plant parts
ard proceses Localizedexpression of stavation-inducedgeresmay also aid
survival of key cells ard tissuesunder stress (84, 85).

In caton-exporting or other auotrophic cells photosynthetic geres are
typically upregulatedby sugar dedetion. Thes include geresfor the primary
CO, fixation erzymesof both C3and C4 plants (18, 160, 161) and othergeres
critical to photosyntheds (113, 160). Both nuclear (Talde 1; 89) and plagtid
geres (25, 89, 160, 161) are affected though the latter may regpond more
slowly to altered catbohydrate levels (25, 163). Enhanced expression reaults
largely from derepression of sugar and acetatecontrols on transcription (89),
though longevity of mRNA canalso contribute to sugar modulation in vivo
(162). Photosynthetic geresare repressedmost by acetat€160) and oftenmore
strongly by hexosesthansucrose (69, 160, 161). Acetateeffectsare obseved
in catyledons and in unicellular algae (Tale 1; 50, 51).

The physiological consequencesof sugarinducedchangesin gere expres
sion are discussed further in the section on “I mplications at the Cell ard
Organism Lewel.” Coordinatedbut oftencontraging regponsesto sugar dede-
tion are also evidert at the erzyme level (90, 153, 175, 194). Plagtid proteins
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ard erzymes can differ in their regponses deperding on whether they are
ercoded by nuclear or plagid geres (10, 190, 194) ard whether they are
involvedin photosyntheds or other proceses(91).

Geresfor renohilization of sugars and other small molecuesfrom polymers
ard/or vacwlesare also inducedin exporting cellsby catbohydratedepetion. In
photosynthetic leaves those genes associatedwith starch brealdown canbe
upregulatedby cahbohydratedepetion ard repressedby glucaose (91). A similar
regponse is observed in source tissues of geminating monocat seeds, where
starchhydrolysisin endospem providesthebulk of exportedsugars(61, 74, 187,
214). In addition, catbohydrate defetion in cotyledons of geminating dicot
seed upregulatesgeresfor renmobilization of lipid resevesvia the glyoxylate
cycle (50, 51). B-amylase geresare not erharncedby catohydrate dedetion
(125, 127); howe\er, their in vivo function remains unclear

The extert of protein remobilization (and associatedgene expression) can
vary markedy with the degee of cabohydrate depetion (33, 68, 173). Leaf
storage proteins are brokendown underthe<e conditions (53, 170, 173), though
typically nonphotosynthetic cells are involved (53). Stawvation effects (see
below) occur only if photosynthetic capacity is severely compromised

In caton-importing cells transitions to net catbon export are favored by
“famne-induced chargesin gere expression. This cellular altruism in higher
plants is distinct from regonses of microbes ard unicellular algae. Geres
relatedto catohydrate,lipid, and protein rempbilization (Tabe 2 ard below),
amino acid syntheds (95), and sucrose formation [sucrose phosphate synthase
(SPS; 60, 81)] are upregulated Regonsesof SPS geresto sugar availahlity
may be complex. In sugarbeet, a taproot-specific form of this ereyme is
upregulated and downregulated by glucose and sucrose, regectively (60),
whereasa spinach gere is regulated in synchrony with the sink-to-source
trarsition (81).

Starvation ard catbon consevation regponsesatthe level of gere expression
initially affect geresrelatedto reerve renvbilization (see above) and regi-
ration (seebelow) that preserve structural constituents of the cell (12, 13, 68).
Prolonged stress may induce geresrelatedto brealdown, shuttling, and scaw
erging of cellular reources(P Ranond, unpublished data) Detaxification of
nitrogenous compounds may be facilitatedby upregulation of agparagne syn-
thase (68) and sucrose synthase (Taklle 1). Thes chargesare accanparied by
sugarrepessible increa®sin activity of endoglycasidases[implicatedin gly-
coprotein brealdown (100)], erdopeptidases(49), and unidertified starvation
proteins (5, 200). Under extreme starvation, the activity of ereymesinvolved
in B-oxidation (although not a fully operative glyoxylate cycle) increagsarnd
may be associated with metatolism of menbrare lipids (12, 13, 31, 68).
Specific subgroups of apparertly immature mitochondria ard their associated
proteins also disappearfrom starved cells under these conditions (23, 73).
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Starvation stress ard transport sugars canalso affectaccumulation of osmo-
protectarts. Upregulation of a mamitol dehydrogerase gere by cabohydrate
defdetion allows use of this sugar alcahol as a cambohydrate source (133),
whereassugar repression favors accumulation ard salt tolerance (133, 185,
186). A starvation-tolerart class of geresfor sucrose synthase ard for invertase
is alo induced(85, 86); these proteins are expresedin keytissuesunder stress
(84, 85) ard at specific stagesin developmert (209; see below).

Carbohydrate Abundane and SugarResponsve Genes

A large but specific setof geresis positiv ely regulatedby sugars. The majority
of idertified genesthat are inducedby elevatedsugar levels erncode products
that help set capacity for catbon storage, utilization, and import. Otherimpor-
tant clasesinclude deferse geres secandary product pathways, and storage
proteins.

In catbon-exporting and/or auotrophic cells the transitions to import and
storage programns are typically initiatedat elevatedsugarlevels The decreagd
expression of photosynthetic geresdescribed above allows reallocation of the
Cand N (otherwise utilized in photosynthetic proteins) to other procesesmore
advartageaus under the prevailing catbohydrate environmert. In this context,
the concurrernt upregulation of geresfor nitratereductase and a putative SAM
synthase in leawes (205; Tale 2) could facilitate amno acid synthess ard
turnover of other N sources Such genes may also contribute to syntheds of
leaf storage proteins (Tabe 2; 170) ard other signals including polyamines
that may erharce the postive effectsof sugars (180). Other agpectsof gene
expression relatedto storage ard cahbon use also charge in Lolium leavesas
sugar levelsrise (206).

Geres relatedto storage reerve synthess can be upregulated by sugars.
These geresare similarly affectedin both photosynthetic ard nonphotosyn-
thetic orgars (84, 122, 131, 188). Thes chamges may be associated with
conversion of chloroplagdsto eitheramyloplagts (154) or chromoplasts assugar
levelsrise (64).

Geresfor sucrose metalnlism canbe upregulatedin photosynthetic tissues
following manipulations that cawse sugars to accumulate (151). Thes charges
oftenreallt in elevatedstarch levels (167, 168) egecially in cells alongside
major veins (124).

In cabon-importing cells geresfor starch biosynthess have receiwed the
greatesattertion. Those encoding ADPG-pyrophosphorylase (AGPas), akey
step in starch biosynthess, are markedy sugar regonsive in potato (87, 89,
116). AGPas expression is also strongly erharced by sugars in trarsgenc
potato cell cultures(116) ard in other species(175). Corregponding increa®s
in activity of the AGPas erzyme are not necesaiily observed but may occur
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more dowly (175). Starch synthase ard branching ereyme are also induced
ard/or expressed at elevatedlevels when sugars are plentiful (87, 152). Car
bohydrateregulation of sucrose synthase geresis complex and not necesaiily
directly relatedto starch syntheds. The Shrunkerl (Shl) gere for sucrose
synthase in maize can directly affect syntheds of starch ard/or cell wall
materals (20, 123, 124); however, asecand gene, Susl, regponds more strongly
to elevatedsugars (85; see sectian on Contraging Regonse Clases Among
Geresfor Sucrose Metalolism).

Geres ercading storage proteins were among the first sugar-regponsive
geresidertified. A gere for sporamin storage protein in sweet potatces (56)
is upregulatedin situ, and it is ectqoically expressedin plantlets treatedwith
high sugars. The patatinstorage protein genesof potatoalso regpond positiv ely
to high sugarlevels(78, 99, 131, 202). An additional group of sugar-modulated
geresincludes vegetative storage proteins, which are expressed at elevated
sugar levels in several species(29, 107, 149). Many of these proteins have
erzyme activity in addition to a storage function. The Vsp gere groups A ard
B of tobacco encode proteins with phosphatag activity (149); a soybean
vegetative storage protein haslipoxygerase activty (53); the matatirs are lipid
acy hydrolases (52, 202); ard the WIN ard Pin-Il storage protein geres of
Solanum spp. are proteinae inhibitors (70). Studies of sugar regonsiveres
in thee geres hawe revealed important interactions between catbohydrate
supply ard other signals (eg. N, P, awin, etc).

A number of pigment ard deferse geres are positively modulated by
cabohydrates (77; Tade 2). The products of thes geres medate plant
interactions with other orgarnisms, either as pathogers, pollinatas, or fruit
dispersal agents. Often these interactions involve erharnced catbon use by
the plant; howewer, effects on biosyntheds of pigmers, proteins, ard
chaperonins can be distinct.

Regiratay geresare affectedto varying degeesby sugars (Tale 2). Both
nuclear ard plagid-encodedgenescanshow positiv e regonses with the latter
upregulated through both mRNA abundarce ard gere copy number (93).
Mitochondrial ubiquinone mRNA is also strongly affected(B Cdllins, P Ray
mond, R Brouquisse, CJ Pollock & JF Farrar, unpublished data) asare levels
of cytochrome oxidase ard activity of fumarase (91). As in yeas, howewer,
caibohydratesdo not globally upregulate regiratay geres For example,
mMRNA levelsmay remain constart for glycalytic genes[oftenusedascontrols
(89, 92)] eventhough otherregiratay geresregond to elevatedglucoselevels
(91, 92; seeTale 2).

Genresfor sucrose metalwlism canbe strongly affectedby high sugar levels
in importing aswell asexporting cells. The complex cabohydrate regulation
of the invertasesand sucrose synthase geresthat control the two known paths
for sucrose brealdown is discussed in the following section.
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Contrading Respong Classes AmongGenes for Sugose
Metabolism

Geresfor sucrose metatolism occypy a certral position not only in cabon
flow but also in the production of altemate potertial effectas of the sugar-
sersing system This altered expression of genesin sucrose metalwlism could
affect whole-plant adustmert to chargesin catohydrate supplies at several
levels Shiftsin resource allocation are often directly correlatedwith activity
of the regective ereymes and indirect effectson signaling systens could
further anyplify chargesin expression of thes geresaswell asgeresaffecting
developmertal prograns. Cdlectively, these changes could alo lead to
chargesin plant form that fine-<tune acclimation.

Sucrose metatolism is the first step in catbon use by the majority of im-
porting cells in plants (21, 115, 181). Two recertly appreciatedfeatues of
sucrose metatolism are patticularly intereding. First, the geresfor invertase
aswell assucrose synthase are sugar-modulated (84, 144, 179, 209). Secand,
isozyme forms of eacherzyme show contrading catbohydrateregponses(84,
85, 209). (In eachinstarce, one isozyme is upregulated while one or more
others are repressed) Sugar-modulation of geresfor both known paths for
sucrose metalwlism providesa potertial mecharism for coarse control of this
proces.

Thepresrceof isozymeformswith contrading cabohydrateregponsiveres
wasanunexpectedinding. Reciprocalexpression wasfir st obsevedfor sucrose
synthases (85) and subsequertly for invertases (209, 210). Initial studies of
sugar-modulated gere expression were pemplexing becawe of contradctory
reallts. Sucrose synthas was reportedy both represed (83, 104, 169) ard
erharcedin the preerce of alundant catohydrate supplies (74, 151). The
reciprocal sugarregonsiveress of geresercoding distinctisozymesis lik ely to
have beenregonsible (85). Differertially regonsive gerescauld alo explain
thecontrading effectsof light on expression of sucrose synthasesof wheat(105).

The surprising similarity betweendifferertial sugar-modulation of differert
geresfor invertases (209, 210) ard sucrose synthasgesin maizeindicatesthat
there are two sugar-response clases among geres for sucrose metaltolism.
Both the Shl gere for sucrose synthase ard the Ivrl gere for invertase (210)
are expressed maximally when supplies of metalwlizable sugars are limited
[eg. cal0 mM glucaose (0.2% w/v)] (85, 209). Both typesof mMRNA persist
during catohydratestarvation stressin root tips, and they are erharcedatkey
sitesard timesduring reproductive developmert (84, 85, 209, 210). In contrad,
the Susl gerefor sucrose synthase ard the Ivr2 gere for invertase both repond
positively to abundant cabohydrate supplies [eg. ca100 mM glucose (2.0%
w/v)] ard are expressed in a broad rarge of importing tissues (209, 210). A
“f ead’- reonsive set of isozymesfor both paths of sucrose brealdown could
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aidadustmert of import and metatwolism relative to photosynthateavailahility .
The potertial value of up- or downregulating sucrose utilization in balarce
with its supply is consistert with the broad distribution of this isozyme form
among importing tissues In contrag, the potertial physiological significance
is less clearfor the isozyme geresexpressed when catbohydrate supplies are
limited. To date, little is known about differencesbetweenpropetties of the
invertase isozymes although the sucrose synthassappearto be erzymatically
similar (32). It is possible that more recen work showing phosphorylation of
this ereyme (63, 86, 159) may be relatedto differencesin propetrties of the
sucrose synthase isoforms (63).

Additional cluesto the biological importance of sucrose synthase and inver-
tase isozymeswhose genesare upregulatedunder “f amine” conditions may lie
in the alteredproteinlocalizatian and reproductive timing of expression. Under
starvation stress, sucrose synthase protein in maize root tips is localizedto
epdemis ard vascular strards while being markedy dedetedfrom the cortex
(564, 85). Cartical cells are often sacificed during various stresses including
low oxygen, N, or Pavailahlity (56a,84, 108), whereasvasular ard epdemal
tissuesare preeved Living epdemis apeass to be essertial for nutrient ard
wateruptake in mary speciesard is very oftenasociatedwith a hypodemis
(having erdodermal-lik e functions) and arhizosheathof soil particlesbound to
the root surfaceby polysaccharide secretions [also sugar modulatedin their
extert (114)] (132, 108). It is possible thatimport priority could be conferredon
esertial cells ard tissues during periods of limited resources by localized
upregulation of specialisoformsof sucrose metalwlizing erzymes(84, 85). This
would be consistert with upregulation of the same starvation-tolerart isoforms
in specific reproductive tissuesard in their additional localizatian in agcesof
roots ard shoots preervedatthe experse of othertissuesin astarving plant (6).
Our currernt knowledge of the Shl sucrose synthase ard Ivrl invertasesof maize
is consistert with this hypotheds (86, 209).

IMPLICATIONS AT THE CELL AND ORGANISM LEVEL

Long-Term Metabolic Change

The relatively slow kinetics of the cambohydrateinduced charges in gere
expression (85, 175) and erzyme activity (84, 86) are consistert with the time
frame dtenrequiredfor source/snk adustments at the whole-plant level (41).
The physiological changesparallel the alteredexpression pattens of individual
genes Photosynthess arnd C-conservation are gererally erhancedwhen sugar
supplies are limited, and utilization usually predominateswhen sugars are
abundant.

Chargesin photosynthetic procesesresaullting from sugar-modulated gere
expression gererally occur over an exterded time period (ca 3—7 days) (84,
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86, 175) ard may anmplify shorter-term effectsof directmetatolic control (35,
62). Alteredtrarscript abundance canoccu within afew hours or lessin some
systens (144, 161), although initial changes are often not evidert until ca
1224 h ard progress dowly thereater. Consistert with this time scale,eaty
work by Geiger (41) showed that chargesin photosynthetic capacity in re-
sponse to altered source-sink balarcetakes3—4 days. Also, asplants acclimate
to elevated CO,, photosynthetic ratesdecline over a period of days after an
initial increa (27), possibly becawse of the repressive effectsof accunulated
sugars in leaves(194).

Invertase activity in leavesmayindirectlyaffectrepression of photosynthetic
genes by accunulated sugars becawse hexoses may affect the sugar-sersing
systemmore directly thansucrose (69, 160, 161; seesection on Catbohydrate-
Sersing Systens). Hexoses in particular have beenimplicated in long-term
repression of photosynthetic genes (59, 175). Specieswith high levels of leaf
invertase show a greaterdegee of photosynthetic inhibition in instances of
reducedsucrose export (47). This effectis substartiatedin transgeric invertase
overexpressors (30, 58, 166, 168, 177, 198), where sucrose export from mature
leavesis inhibited and hexose production erharced Pollock et al (136) also
found that elevatedleaf sucrose had little inhibitory effect on photosynthess
while fructars were being actively syntheszedand storedin vacoles(presum-
ally removing hexosesfrom the cytosol). Long-tem influencesof hexoseson
photosynthess arelik elytoinvolve otherfactasaswell (35, 42, 62, 176). Krapp
et al (89) suggegedthat, asin yeas, hexose metalolism may be required for
repressive effects of sugars on gere expression; they found an imperfect
correlation betweenhexose levelsard photosyntheticrepression.

Leaf serescerce may alo be erharced by long-term hexose effects on
gere expression. In this context it is intereding that invertase activity is
elevatedduring agng (135). Hexoses in particular may favor expresion of
geres involved in renmbilization of photosynthetic mactinery ard altered
pigment syntheds (Tades 1 ard 2). Acetateeffectsare still more pronounced
(160), which indicatesthat lipid brealdown and mobilization may acceleate
seregerce. The putative advartage of sugar repression of photosynthetic
geres is that valuabe resources need not be committed to this proces if
caibohydrate supplies are alread/ sufficient.

Pigmert charges and chloroplag-to-chromoplag conversions during fruit
ripenng ard serescercemay beaffectedoy catbohydrate sersitive genes(201).
Inivy, sugar-sersitive gene expression hasbeendirectly relatedto induction of
erzyme activity leadng to pigment accunulation (119, 120). In citrus peel,
sugars medate interconversions betweenchloroplags and chromoplads (64).
Regeering occus in latefipening orangesaspeelsugar levelsdrop in spring.
Rising sugar levels are consistertly asociatedwith the chloroplag-to-chro-
moplag conversion in auumn. Sugars can al stimulate thee chargesin
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chlorophyll, camtenoid, and plagtid charactesin vitro (48). Chloroplag-to-chro-
moplag conversions are also erharnced by the induction of invertase at low
temperaturein citrus (138). Many of the nuclearencodedplagid geresare also
readly regonsive to sugar levels (Talbes 1 and 2), whereaschloroplagt geres
appearto be less so (194). As noted alove, however, the regponsiveress of
chloroplag geresto acetatesuggeds that this metalwlite could be importart in
plagid conversions.

Changesin storage procesesatre closely relatedto cabohydrateregponsive
gere expression. Sugar effectson storage organformation are discussedbelow
(see section on Interaction with Developmenrtal and Environmertal Signals).
In addition, most instancesof erhancedgere expression citedin Tale 2 are
accanpanied by repective increagsin erzyme activity and storage of carbo-
hydrate awl/or proteins (eg. 146, 197). Further, sugar effectson ana-anylase
gere famly ard on sucrose synthase correlatewith the balarce betweenen
dospem renmbilization and the demands of the growing seeding (188).

Regiratay charges relatedto sugarmodulated gere expression are less
clear The hypothess for “coarse control” describedby Farar& Williams (34)
indicatesthat long-term resiratay regonses follow exterded charges in
cabohydrate availahlity and probally require altered gere expression. Al-
though eviderce supports this view, the relationship between catohydrates
ard gere expression is complex, ard agectsof the story remain unrelved
Regiration typically risesin regponse to increasng levelsof sugars (8, 34, 96,
109), ard it decreagswith starvation (12, 68, 140)—asdo expression levels
of mary geresrelatedto regiratay proceses(Tale 2). Concurrent increa®s
in levels of key mRNAs ard of asociated regiratay activity have been
observed assugar contert risesin matuing leavesof trarsgenc plants over-
expressing invertae (175). Similar correlations have beenmace in several
species(89, 93). Kroymam et al (93) suggeged coordination through a signal
relatedto cellular erergy charge. The ATP/ADP ratio risesalong with regi-
ration and associatedtranscript levels (89). However, the eviderce gathered
thus far does not necesaiily support acerylate charge asa direct signal for
catbohydrateregonsive genes (175, 161; see sectin on Key Metalolites as
DirectSignals). Other issuesnot yetfully reslvedinclude tre role of charges
in orgarelle number (140) and gerome copy number (93), the importarce of
the altemateoxidase (96), significanceof Pi and adenylatesto gere expression
(161, 175), ard the potertial impact of acetateon the catohydratesignaling.

Carbohydrate-Responsve Genes, Assimilate Partitioning, and
Development

The ultimate significarce of sugar-modulatedgere expression may be induc-
tion of chargesin whole-plant morphology. Takentogether, the trendsin gene
expression, subsequert metatolic charges and shifts in resource allocation
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are consistert with this suggegion. Sugar modulation of developmertal geres
is implied by regponses such as potato tuber induction (165); however, the
specific genesinvolved have not beenidertified. The pronouncedinteractions
between cabohydrate levels and plant growth regulators (egpecially auxin/
sugar artagonisms) and other essertial nutrients such asN or P suggeg that
sugars may affectdevelopment at the cell, organ, and whole-plant levels The
type of cabohydrate supplied to cells ard callus cultures can also affect
morphological change not attributalde to osmotic effects

Figure 1 summaiizesthe developmertal trerds implied by the gere expres
sion changesknown to occu in cabon-importing and -exporting tissuesunder
feas ard famine conditions (see Figure 1). A number of studies support the
notion that C-availahlity canaffectC-allocation through altered gere expres
sion (seediscussion on pattition in section on Contraging Resgonse Clases
Among Geresfor Sucrose Metatolism). This in turn canaffect partitioning
betweenroot and shoot structures (43, 134, 167, 179, 204). Other seeningly
contradctory reailts obtained when differert methods are used to manipulate
sugar availahlity might also beinter- pretedwithin this smplif ied framework.
Both root and shoot growth are inhibited in trarsgernic plants with exces
invertase, presumaly becatse trans- location to the root systemis disrupted
(175) ard high hexose levels simultaneausly repress photosynthetic geresin
leawes In contrad, shoot growth may be indirectly erhancedwhensugars are
supplied to whole plants via the root system (56, 88), if increagdroot growth
leadsto increagdcapacity for cytokinin syntheds, which in turn may stimulate
shoot growth and photosynthetic proceses (112).

Catohydrateinduced changesin vegetative morphology ofteninvolve an
altered balarce of growth regulators and mineral nutrients (130, 207). Sugars
canrepress awin-medated procesesincluding agcal dominance ard upright
stem growth (negative gearopism) reallting in more spreadng, procumbert
growth forms (203). Expression of geresnow known to be sugar regonsive
may also have arole in gravitropism (75, 76). In addition, sugar induction of
storage orgarsin potatoand sweetpotato canbe distinguishedfrom regulation
of the geresassociatedwith storage proceses per se. Although some of the
latter proceses are coordinately regulated (197), the morphological program
remains separately sugar regonsive (117).

Cell differertiation ard the cell cycle canalso be drongly affectedby sugar
availahility . Developmert of trackeid vs phloem cells can be controlled by
sugar/awin balarce (39), and other effectsof specific sugars on differertiation
have beenreewaluatedin cultured cells (191). The cell cycle within a given
tissue can be synchronized by withholding and resupplying sugars (200). In
addition, cell divisions can be inducedin nongrowing buds of sunflower by
elevatedsugar levels (2).



CARBOHYDRATE-MODULATED GENES 523

“Famine genes” : “Feast genes”
® photosynthesis I © photosynthesis
@® remobilization ® remobilization
® export ™ export
@ relative O relative

“source l “source
activity” \ 1 activity”
\
N\

( storage @ storage

© utilization =\ @ utilization

™ growth L ® growth

O relative —_ @ relative

2

“sink activity” ; _“\\L “sink activity
P

old new
Relative change

Figure 1 The impact of sugar-malulated gere expression on overall activity and resource
allocatinis diagrammediguratively atthe whole-plant level (chargesdo not necesarily represert
actwal morphological charges per se). “Feas” ard “Famine” geres are those upregulated ard
downregulated under conditions of limited and abundart carlohydrate supplies, respectively, in
either exporting (upper helf) or importing tissues (lower half). Pracesesfavored by thes charnges
in gere expression arededgnatedwith a(+), and procesesthat arediminishedaredesgnatedwith

a@).



524 KOCH

Sugar-inducedchargesto reproductive prograns may be closely relatedto
effectson the cell cycle. Sugar pulsesto apical meristens caninitiate synchro-
nous cell divisions that preced other agectsof floral meristemdifferertiation
(7, 97). High levels of apcal sugars canalso anmplify photoperiod effectson
floral evocation in Loliumtenulentum ard redaceit fully in Snapis alba (80,
137). In the latter cage, concomitant with increagd agcal sugar levels, in-
crea®sin invertae ae dservedin the apcal meristem (137). Some invertase
geres are sugarregulated (84, 144, 210) ard have the potertial to erharce
sugar percegion by hexose sersing systemnrs (see below). In addition, sugars
supplied through roots can suppress pherotypes of eaty- ard lateflowering
mutarts in dark-grown Arabidopsis plants (J Salinas personal communica-
tion).

Interactionswith Developmental and Envronmaental Signals

Effects of cabohydrate availahlity on fruit ard seed set may medate
repponsesto cetain environmertal streses Studies of stress-induced kemel
abortion in maize show that exogernous catohydrate supply (11) ard short-
tem reservesin young ovules (141) are crucial to kemel setin conditions of
low water (216) or high tenperatue stress (17). Sugar-feedng studies have
implicated the final phase of import and use of these substrateswithin the
dewveloping ovule as critical (11, 17; J Boyer, unpublished data) Effective
sugar utilization in vivo is strongly dependert on the activity of sucrose
metalolizing ereymes (21, 111, 115, 181) that are encoded by sugar-regpon-
sivegeres(Tades1 and 2; 85, 209). Soluble invertase occupiesa conspicuous
position during the eatiest phasesof fruit and seedset (181, 209), and that
activity is selectiwely affectedby abortion-inducing sressessuch aslow water
potertial (216). Although the eviderceis thus far largely correlative, the sugar
regponsiveres of soluble invertase geres could provide a mecharism for
integrating ard trarsducing information on the C-resourcesavailale to the
fertilized ovule.

Dewelopmertal signals medated by growth regulators can have marked
effectson cabohydrate-modulated genes The nature of this interfaceis till
poorly defined However, work by Mullet and coworkers (29) indicatesthat
one of two differert sugar-regponsive promotors they studied is sersitive to
awxin/sugar artagonism. Similar regonse elerrerts could explain the repres
sion of sugar regoonses(179) by awin aralogsin cell cultures(178) and auxin
modification of sugar effectson invertase expression at the whole-plarnt level
(45, 148, 203). Gibberellin interaction with sugar signaling is apparert in
geminating grainseeds (187, 188) and stolen starch metalolism (4). Cytokinin
ard sugar signalsoverap in trarscriptional regulation of nitrate educta® (18,
196), invertase (209), ard other geres (26). They canalso affect regiration
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(121), the cell cycle (67, 98), awin artagonism (112), kemel abortion (17,
71), ard anaray of morphological charges(112).

Interactians betweenervironmertal signals ard sugar-regonsive geresdo
not necesarily involve developmental prograns. Elevatedsugar supply, os-
motic stress, and pathogeninvasgon all upregulate the mtd gere for mamitol
metalplism and erharnce synthess of this osmotic protectan (133). Mamnitol
in turn imparts erhancedsalt tolerancein transgeric plants (184, 185). Osmotic
adustmert canalso be afectedby sugar-regulation of invertases(212), which
could in turn sersitize cellsto sugar supplies by the elevation of hexoses(161,
177). Similar to mtd and some other sugar-regonsive geres(70), invertase is
inducedby wounding (178).

Recem progress has also been mace in defining the intefface between
sugar-sersing systens and the transduction of various light signals(19). Sheen
pointed out (161) that the catbohydraterepression of photosynthetic geres
superseces mary of the light effects Chory (19) proposed that light signals
are partly filteredthrough a sugar-regulatedsegmert of the transduction path
way. Paiks & Hargarter (128) also found that blue light effects can differ
deperding on tissue sugar status. The effectsof sugars on photoperiodic re-
sponses were discussed above. In addition, high irradance regponses (HIR)
such asarnthocyann biosynthess in fruit skins ovedap sugar effects

Influerce of esertial mineral nutrients such asN (24) ard P (186) on gere
expression ard morphology is often strongly linked to cabohydrate status
(130). Several possible averuesfor C/N interactions or P effectson C-signaling
hawe thus far teded negative (175). Sadka et al (149), howewer, found that P
availablity altered sugar-regulated trarscription of a cabohydratesersitive
promoter elerren.

CARBOHYDRATE-SENSNG SYSTEMS

Several linesof evidenceindicatethat sugar effectson gere expression involve
specific signaling mechansms and do not smply result from their nonspecific
effects as substratesfor plant growth. First, the effects of sugars on gere
expression are highly selective; mary geresare not affected Secand, sugars
canrepess aswell asactivateregonsive geres Third, in mary cags sugar-
modulatedgere expression canbe mimicked by nonmetatolizable sugar are-
logs (69, 160, 161) ard altered by selective metatwolic perturbations (102, 161,
175, 182). Finally, sugars are well-known effectas of gere expression in
microbes

Microbial sugar-sersing mecharisms are an importart reource for devel-
opmert of tegale hypothessin plants (50, 51, 69, 160). However, the emerg-
ing picture of sugar signaling in plants highlights importart differences(40,
150, 192) ard intriguing similarities with microbes
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Hexose Phophorylation and Protein Kinase Cascades

An importart hypothess for sugar sersing stens from the evidernce that phos-
phorylation of hexosesby hexokinase isa well-documerted primary source d
sugar signaling in yeas (161). The hexokinas itself is proposedto have adual
function as a protein kinae (40) sersitive to the flux of sugars ertering
metalmlism. Becaise the rate of hexose phosphorylation is more importart
thanthe stead/-statelevel of hexose-P producedin yeas, the concertration of
hexokinage erzyme-roduct complex is proposed to be directly involved in
signaling carbon flux through the pathway.

Asin yeas, sugar concertrations per se are not necesarily correlatedwith
chargesin plant gere expression. Analysis of maizemutarts with high-sugar
kemels (44) and transgenic, sugar-storing potataes (117) showed little or no
charge in expresion of geres othemwise affected by sugars. Although
compartmertalization of sugars wasnot addressedin these studies, the reaults
may be intepretedaseviderce that cabon flux rather than stead/-state sugar
level is the critical signal. The data that support a corregponding role for
hexokinasesin plants certer largely on regonsesto sugars (2-deaxyglucose
ard mamose) that are rapdly phosphorylatedby hexokinasesbut that do not
readly undergo subsequert metatolism. Positive reponses to thes sugars
have now beenobservedin several plants (50, 51, 69, 160, 161, 175). In at
leag one study, the effects of nonmetatwlizable sugars were shown to be
blocked by addition of mamohepulose, an inhibitor of hexokinase (69). By
aralogy to yeas, these reallts are interpreted as favoring flux through the
hexokinase reactian asthe inductive signal (50, 51, 69, 160). Other associated
perturbations have not beenfully excluded although chargesin Pi levels
appearto hawe little effect (175).

If the hexokinase hypotheds remains viable in plants, the wide variation in
specificity of plant hexokinasesfor glucose asopposedto fructose (156) may
add a faginating layer of complexity to the regulatory sceratio in plants.
Recem datafrom yeas indicatethat glucokinasesdo not have the same sugar-
sersing impact asthe hexokinaes (145).

Extersive studiesin yeas have also identified downstreamcomponents of
a protein kinase casace involved in trarsmitting signalsto the nucleuws (40).
Putative homologs of the yeas snfl gere have beenidertifiedin rye (RKINZ1)
(1), tobacco (NPK5) (3, 118), ard barey (a multigere family) (54). Naka-
mura ard coworkers have shown that calcium levels (125) ard a calcium-
deperdent protein kinae (CDPK) (126) may be involved in sugar induction
of sporamin ard -amylase geresin trarsgenc tobacco The latter finding
suggeds that sugar sersing in plants may be distinct from mechtarisms in
other systens becawse CDPKs appearto be lacking in other organsms (142).
The localization of this CDPK on the plasmamenbrare of plant cells sugges
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a possible association with the sites of menbrare trarsfer. Other recertly
isolated plant geres are similar to the glucoseregqulated proteins (GRP)
involved in secretion ard ER function in mammals (28, 164). Putative
sugar-sersing-relatedDNA binding proteins have beenisolated from several
plants (65, 78, 103), but asyet they have no clearrelationship to componerts
of signal trarsduction pathways in other organisms. The functions of these
geres are under study.

Plasmamenbrane Trander

In microbes trarsfer of sugars across the cell menbrare is critical for sugar
sersing and may be closely coupled to hexokinase action (150). In plants,
the role of membrare trarsport has beenteged using sugar aralogs that are
nonmetalolizable and nonphosphorylatalle (asdistinct from the aralogs used
to implicate hexokinaseg but actively taken up by plant cells. Datafrom W
Frommer (unpublished) ard Raitsch et al (144) sugged that trarsfer across
the plasnmamenbrare alone (or the configuration of the sugar aralog per se)
caninitiate a signal. The studies of Jang & Sheen(69) indicate that trarsfer
acioss the menbrare was necesary but not sufficient to initiate a regonse.
In plants, a directinvolvemert of membrare trarsport has the added impli-
cation that sugars entering the cell via plasmodesnata (symplagic trarsfer)
might be perceived differertly from sugars taken up from the apoplagt (see
Figure 2).

Depending on thetissue, sugars may enteraplant cell via ary of threeroutes
(a) through plagmodesmata (sympladic trarsfer), (b) across the plasmamem
brare assucrose (from the apoplag), and/or (c) across the plasmamenbrare as
hexoses (again from the apoplagt). Asillustratedin Figure 2, eachpathhasthe
potertial to transmit dif ferert signalsto a sugar-sensing mecharism. If plagma-
membraretrarsferis directlyinvolvedin signaling, thenhexose uptakefromthe
apoplagt would potertially exert agreatereffectperunit Cthansucrose. Sucrose
ariving via plasmodegmnatal connections would not exert a similar membrare
signal, although plasmodesnatamight have an asyet undefinedrole in sugar
sersing. Preliminary eviderce indicatesthat altered photosynthate availahility
mayaffectsizeexclusion limitsin plasmodesnataand promote pathway switch-
ing (i.e.extert of apoplagtic vs sympladtic trarsfer) (129, 147).

The altemative pathways by which sugars erter celluar metakolism may
also impact sugar-sensing mecharisms (Figure 3). Hydrolysis of sucrose by
invertae gereratestwice as much substrate for a hexokinas-based sensor
as does sucrose synthase. Sucrose synthase, on the other hard, gererates
UDPG, which may feedinto other signaling pathways. Vacuwlar compart-
mertalization and hydrolysis by invertase may affect the timing of hexose-
signaling everts.
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Key Metabolites as Direct Signals

A secand source of hypothessfor sugar signaling has come from aralogies
to pathways for regulation of metalolism (175). The possibility that the same
metalwlites could medate regulation of both metalolism and geresin thee
pathways would provide an attractive mecharism for coordinating rapd
metalolic charngeswith longertem adustmerts in gere expression (34, 134,
175). Howewer, key metalwolites such as F-2,6-BP, sugar-P, acerylates ard
the Pi/PPi ratio, which cdlectively regulate catbohydrate metatolism, appear
to hawe little or no directinvolvemert in sugar regulation of gere expression
in the systens studied thus far (161, 175). Lewels of F-2,6-BP have been
altered using inhibitors ard in transgenc plants expressing an artisense gere
for PPi-deperdent phosphofructokinase without affecting catohydratere-
sponsive geres (175; A Krapp ard M Stitt, unpublished data) Likewise,
various manpulations of Pi levels altered metalolism in predctabe ways
but did not change expression of sugar-modulated genes (175). Introduction
of varous phosphorylated sugars, acerylated sugars, ard ATP into cells by
electioporation failed to affect sugar-regonsive geres (161).

Although sugar levels canvary widely in plants, mainterarce of “energy
homecstass” is one proposedfunction of cabohydrateregulatedgere expres
sion (69). The search for a link betweenregiratay metalwlism ard gere
expression continues One possible link to a mitochondrial function involves
its role asa calcium resrvoir sersitive to chargesin regiratay substrates
(72). Chargesin redox potertial are alo a possibility, asobserved for chlo-
roplagd mRNAs (28a). Aderylate balarce may also be involved through an
influerce on a hexokinase-based sersing mechansm. In this regect,it seens
not widely appreciatecthat the concertration of erzyme-product complex will
be directly proportional to the netforward flux through the reaction only under
initial velocity conditions, and these conditions are not likely to apply in vivo.
Neakerto equilibrium, the intermedate erzyme canplexeswill be afectedby
concertrations of all substratesard productsincluding hexose, hexose-P, ADP,
ard ATP. It might be more accuateto view yeas$ hexokinase asa sersor of
some ratio of these metatwlites rather than flux per se.

The profound effectsof acetateon yeas arnd algal culturesare well known
(9, 93, 172), yet the significarnce of this metalplite to higher plants hasbeen
exploredonly recetly in leaf protoplags (160) and intact cdyledons (50, 51).
Acetate apears to be the strongeg input into the cabohydrate-sersing system
of maize leaf protoplags (160). It is not clear whether there are points of
overlap betweenthis signal and sugar inputs. Signal initiation from these two
metatwlites appeass to occu differertly. In this context, it is also intriguing
thatlipid acyl hydrolaseshave beenrecuited ascatbohydrateregonsive stor-
age proteins in potato (52, 202).
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CLOSING COMMENTS

In multicellular organisms, catbohydrateregonsive gereexpression acgliresa
functional significancebeyond thatobservedin microorganisms. Asinyeasard
bactera, specific groups of geres show dramatically differert regonses to
chargesin the catbohydrateenvironmert ard include both up- and downregula-
tion of gere expression. In multicellular structures however, individual cells
regpond to chargesin the intemal cabohydrate environmert of the orgarism,
thusallowing coordinatediong-temm adustmertsfor the berefit of thewhole.

Plants in particular appearto have succesfully employed this mechansm
for meetirg the adaptive demards of their sessile existerce. The sites timing,
ard extert of sugarmodulated gere expresion de<ribed here indicate that
these procesesmay contribute to the dynamic allocation of catbon reources
ard the continuous adaptive adustmert of form so characterstic of multicell-
ular plants. Sugars in vaular plants are thus long-distance messergers of
whole-orgarism cambohydrate status as well as substratesfor both cellular
metalwlism ard local catbohydratesersing systens. Although the primary
source of cambohydrate signals is currertly unclear, hexokinae action ard
acetatelevels remain a common theme shared by mammalian and microor-
ganism sersing systems. The pathways for transduction of sugar signalsover-
lap with other environmertal ard developmertal signals affecting gere ex-
pression.
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