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AsstrAacT. Avocado (PerseaamericanaMill.) tissuescontain high levelsof theseven-car bon (C7) ketosugar mannoheptulose
and itspolyol form, per seitol. Radiolabeling of intact leavesof ‘Hass avocado on ‘Duke 7' rootstock indicated that both
per seitol and mannoheptulosear enot only primary products of photosynthetic CO,fixation but arealso exported in the
phloem. In cell-free extracts from mature sour ce leaves, formation of the C7 backbone occurred by condensation of a
thr ee-carbon metabolite(dihydr oxyacetone-P) with afour -car bon metabolite(er ythr ose-4-P) tofor m sedoheptulose-1,7-
bis-P, followed by isomerization to a phosphorylated b-mannoheptulose derivative. A transketolase reaction was also
observed which converted five-car bon metabolites (ribose-5-P and xylulose-5-P) to form the C7 metabolite, sedoheptu-
lose-7-P, but this compound was not metabolized further to mannoheptulose. This suggeststhat C7 sugarsare formed
fromtheCalvin Cycle, not oxidativepentose phosphatepathway, r eactionsin avocado leaves. | n avocadofruit, C7 sugars
were present in substantial quantities and the normal ripening processes (fruit softening, ethylene production, and
climacteric respiration rise), which occurs several days after thefruit is picked, did not occur until levels of C7 sugars
dropped below an appar ent threshold concentration of =20 mg-g™ fr esh weight. Theeffect of picking could be mimicked
by girdlingthefruit stalks, which resulted inripeningon thetree. Again, ripeningfollowed adeclinein C7 sugar stobelow
an apparent threshold level. Taken together, these data indicate that the C7 sugars play important rolesin carbon

allocation processesin the avocado tree, including a possible novel role as phloem-mobile ripening inhibitors.

Avocado (Persea americana, Lauraceae), asubtropical ever-
greentreefruit, isrecogni zed asoneof thetop 20 commercial fruit
crops(excluding mel onsand nuts) producedintheworld (Whiley
and Schaffer, 1994). From a biochemical and physiological
standpoint, the avocado tree is interesting as the seven-carbon
(C7) sugar mannoheptulose and a related C7 sugar alcohal,
perseital (Fig. 1), represent major forms of nonstructural carbo-
hydrates in the tree (Liu et a., 1999a). The C7 sugars often
account for over 10% of the tissue dry weight, and can be found
insubstantial amountsin al tissuesand organs, even the peel and
seed of the fruit (Liu et al., 1999a, 1999b). In comparison, the
more commonly occurring nonstructural carbohydratesbased on
asix-carbon hexose skeleton, such as glucose, sucrose, and even
starch, are found in much lower amounts in avocado tissues.

Despite their obvious importance in avocado, littleis known
about the biochemical synthesis or metabolism of the C7 sugars.
The biochemical pathway which produces the seven-carbon
chain is not known, athough there are at least three known
enzymatic reactions that will generate a C7 intermediate: a) an
aldolase reaction: erythrose-4-P + dihydroxyacetone-P - se-
doheptulose-1,7-bis-P; b) atransketolase reaction: xylulose-5-P
+ ribose-5-P ~ sedoheptulose-7-P + glyceraldehyde-3-P; or c) a
transaldol asereaction: fructose-6-P + erythrose-4-P  sedohep-
tulose-7-P + glyceraldehyde-3-P.

Note that the first reaction generates a bis-phosphorylated C7
sugar, whilethelatter two generate amonophosphorylated inter-
mediate. The first reaction is common to all photosynthetic
tissues, asitiskey Calvin Cyclereaction (Bowyer and L eegood,
1997). Reactionsb and caremoretypical of the oxidative pentose
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phosphate pathway (Brownleader et al., 1997) (although the
transketolase reaction also occurs during the Calvin cycle but
operatesin the reverse direction to that shown above). All of the
above reactions are fully reversible, and so in theory could be
responsible for either synthesis or degradation of a C7 sugar
phosphate. Although it has been reported that avocado leaves
readily synthesize the C7 sugar mannoheptul ose during periods
of photosynthesis (Bean et al., 1963), it is still not clear which
Calvin cycle intermediates are the starting products for the
assembly of the mannoheptulose C7 backbone or where in the
leaf cell this assembly takes place.

Mannoheptulose, the first naturally occurring ketoheptose
identified (LaForge, 1916), hasbeenreportedinawidevariety of
plants, including alfalfa (Medicago sativa L.) (Rendig and
McComb, 1964), avocado (LaForge, 1916; Nordal and Benson,
1954; Richtmyer, 1970), fig (FicusofficinalisL.) (Bevenueet al.,
1961), and primrose (Primula officinalis Jacq.) (Beghie and
Richtmyer, 1966). In fact, mannoheptulose may prove to be
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Fig. 1. Chemica structures of three seven-carbon (C7) sugars occurring in
avocado.
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ubiquitous in the plant kingdom, as improved detection and
separation methodshavesincealloweditsidentificationinawide
number of species, including 3 classes of gymnosperms, 21 dicot
families, and 2 monocots (Okudaand Mori, 1974). However, for
reasonsthat are still unclear, it isonly in avocado that extremely
high levels of this sugar are found.

The unusually high levels of mannoheptul ose and its polyol
equivalent, perseitol (Liuetal., 1999a), in avocado may represent
an amplification of the biosynthetic pathway for C7 sugars, but at
the present time we have no clear idea what the steps in this
biosynthetic pathway may be. Similarly, the reductive pathway
leading to the production of the C7 polyal, perseitol, hasnot been
characterized. Further unanswered questions include the nature
of the control mechanisms which allow carbon to be partitioned
preferentially to C7 sugar pathways and away from the more
conventional hexose-based carbohydrate pathways leading to
sucrose or starch. How C7 sugars are allocated to the many
different plant tissues in which they are found is a'so unknown.
Therefore, the goal of this research was to further characterize
carbon partitioning and all ocation processesin the avocado tree,
focusing on the usage and role of the predominant C7 sugars,
mannoheptul ose and perseitol, in these processes.

Materials and M ethods

PLANT MATERIAL. Mature (=7-year-old) ‘Hass avocadotreeson
clona ‘Duke 7' rootstock grown either at an avocado research plot
on the campus of the University of California, Riverside, or at the
University of California South Coast Research and Extension
Center, Irvine, were used for al experiments. Trees were drip-
irrigated as needed using reference evapotranspiration guidelines
from the California Irrigation Management Information System
(CIMIS) (Snyder et ., 1985). Standard fertilization practiceswere
maintained (Goodall et al., 1981) and leaf mineral nutrient analyses
were performed annually and fertilization adjusted so that leaf
nutrientlevel sremained withintherecommended guidelines(Goodall
eta., 1981).

CHeEmIcALs. b-mannoheptulose and perseitol were purchased
from Pfanstiehl Laboratories (Waukegon, I11.). All other chemicals
were obtained from Sigma-Aldrich Biochemicals (St. Louis). Se-
doheptul osewas obtai ned by dissolving sedoheptulosanin 1% HCI
and heating it in boiling water for 30 min (LaForge and Hudson,
1917).

CARBOHYDRATE CONTENT OF AVOCADO TISSUES. Tissuesamples(1
to5g) frommatureleaves, immatureleaves, trunk cambium, stems,
roots, flower parts(pistil sand stamens), maturefruit (flesh, pedl, and
seed) were collected at midday during 2 weeksin April 1996 from
trees growing in afield plot in Irvine, Cdif. Nectar samples (=10
mL.) wereal so collected by holding acapillary tubeagainst exuding
floral nectaries. All samples were transferred to the laboratory in
thermd ice chests for further processing essentially as described
previoudly (Liu et al., 19993, 1999b). Tissue sampleswere freeze-
dried for 48 h a —50 °C (Freezone 4.5 freeze-dryer; Labconco,
Kansas City, Mo.) then the freeze-dried tissues were ground using
aWiley mill to pass a40-mesh (0.635-mm) screen. Samples (0.05
t0 0.10 g each) were then weighed and extracted in 4 mL 80% (v/v)
ethanol ina80°C water bathfor 30 minto extract the solublesugars.
The ethanol was decanted, the tissues were pelleted by centrifuga-
tion at 4200 g, for 5 min in a centrifuge (model 5403; Eppendorf,
Hamburg, Germany) and then reextracted three more times as
above. A 4- to 6-mL portion of the pooled ethanol extract wastaken
to dryness in a concentrator (SpeedVac; SAVANT, Farmingdale,
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N.Y.). Dried samples were resuspended in 1 mL deionized water,
deionized on coupled 1 mL anion and cation resin columns (AG1-
X8/formate and AG50W-X8/H+, BIO-RAD, Hercules, Cdif.) and
analyzed using an isocratic high-performance liquid chromato-
graph (HPLC) equipped with arefractive index detector using an
anion-exchange column (Sugar-Pak I; Waters, Milford, Mass.) as
described previoudy (Liu et d., 1999a; Madore, 1990). Nectar
samples were deionized and analyzed by HPL C as above. Starch
remaining in the extracted tissue was analyzed by a hexokinase
reaction after amyloglucosidase trestment as described previoudy
(Liuetadl., 1999).

PHLOEM sap aNALYsis. The experimental protocol for phloem
exudate collection was essentidly that described previoudy for
olive (Olea europeae L.) tree samples (Flora and Madore, 1993).
Excised shootstaken fromthefield wereequilibrated under awater-
filtered light source (Plant Gro and Show; Generd Electric Co.,
Bridgeport, Conn., 300 umol-mr2s? of photosynthetically active
radiation) for 30 min. Theentireshoot wasthenenclosedinaplastic
bag and allowed to photosynthetically assimilate 3.7 x 10° Bq of
14CO, for a 30 min period (Flora and Madore, 1993; 1996). Five
mature leaves were then excised from the shoots by immersing the
shoots in water and cutting off the leaves at the base of the petiole
with a razor blade. The cut end of the petiole was immersed
immediately into 20 mv N&EDTA, pH 7.0, in apetri dish and the
petiolewasrecut at an angleleaving astub of astandard 2- to 3-mm
length attached to theleaf base. The petiolestubwasimmersedina
1.5-mL microfuge tube filled with 20 mm N&EDTA, pH 7.0,
solution. Theexcisedleaveswerethen placedinatransparent plastic
box lined with moist paper towel, the lid of the box was closed to
reduce transpiration, and phloem sap exudation was alowed to
proceed under ambient room light and temperature conditions.
Phloem exudatewas collected at 3-hintervalsfor 12 h by replacing
themicrocentrifugetubeswiththefreshtubescontainingNa,EDTA
solution. The contents of the microfuge tubes were then deionized
as above, the sugars were euted from the columns with 7 mL
deionized water, takento drynessin the concentrator, redissolvedin
75 pL water, filtered (0.45-um pore size), and analyzed by HPLC
as above. Radioactivity in individual sugars was determined by
collecting the detected peaks using afraction collector followed by
scintillation counting of the collected fractions (Floraand Madore,
1993, 1996).

ProbucTioN oF C7 SUGARS BY CELL-FREE EXTRACTS FROM MA-
TURE SOURCE LEAVES. Three short shoots bearing several mature
leaveswereremoved fromatreeusingarazor bladeandthecut ends
immersed in a beaker of water for transfer from the field to the
laboratory . The leaveswere then excised from the shoots, cleaned
with amoist tissue, and the midribsremoved. The remaining tissue
(=2 g) was then frozen in liquid N,. All subsequent extraction
procedures were performed either oniceor at 4 °C.

Frozentissueswereground quicklyinamortar and pestlein8mL
chilled extraction buffer (100 mm MOPS-NaOH, pH 7.5; 10 mm
DTT; 10 mm ascorbic acid; 5mm MgCl,; 0.5mm Na,EDTA; 1% (v/
V) Triton-X100) plus 5% (w/v) insoluble PVPP. The extract was
filtered throughtwolayersof cheesecloththen centrifugedfor 1min
at 800 g,. Onemilliliter of supernatant was desalted through a1.8 x
12 cm Sephadex G-25 (fine: 20to 80 um) column equilibrated with
100 mm MOPS buffer, pH 7.5 containing 10 mm DTT and 5 mm
MqCl,. Protein content of the desalted extract was determined with
Coomass e Blue(Bradford, 1976) using bovine serum albuminasa
standard.

D-MANNOHEPTULOSE-P BIOSYNTHESISAssaY. Typically, the assay
mixture contained 30 mm Tris-HCI buffer, pH 7.5; 5mm DTT and
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1 mm MgCly; 20 mv substrates (erythrose-4-P plus dihydroxyac-
etone-P, or ribose-5-P plusxylul ose-5-P, respectively) and desalted
enzyme in atotal volume of 150 mL in 1.5-mL microfuge tubes.
Tubes were capped and incubated in a shaking water bath at 33°C
for 30 to 60 min then the reaction was stopped by placing the tubes
inaboiling water bath for 1 min. Three units of acid phosphatase,
dissolved in 200 mL of 100 mm sodium acetate buffer, pH 4.5, was
added to eachtubeandthetubeswerereincubatedinashaking water
bathat 37°Cfor 3htoconvertthesugar phosphatestofree C7 sugars.

Sedoheptul ose and p-mannoheptul ose were not separated by
the Sugar-Pak HPLC protocols commonly employed in this
laboratory and so paper chromatography was used to separate
these two C7 sugars before quantification. The contents of the
enzyme assay tubes were deionized through 1 mL 200- to 400-
mesh anionand cationresincolumns(AG-1-8X/formateand AG-
50W/H+, Bio-Rad, Hercules, Calif.), eluted with 7 mL deionized
water, taken to dryness in a concentrator, redissolved in 30 mL
deionized water, and filtered through a 0.45-mm syringe filter.
Duplicate aliquots (15 mL) of each filtrate were then applied to
Whatman No. 1 filter paper sheets and the chromatograms were
run in descending mode in 7 n-propanol : 1 ethyl acetate : 2
deionized water (by volume) for 24 to 40 h.

After development, each assay lane was excised and all lanes
corresponding to thefirst aliquot from each assay weretreated with
orcinol reagent spray (0.5 g orcinol, 15 gtrichloroacetic acidin 100
mL water-saturated n-butanol) sprayed, then heated at 100°Cfor 15
min) which produces unique blue and blue-green colors with
sedoheptulose and p-mannoheptul ose respectively (Bevenue and
Williams, 1951; Williams et a., 1952). Mannoheptulose and se-
doheptul osewereidentified by comparisontoknown standardsal so
run on the same chromatograms. To obtain quantitative data, the
unsprayed lanes corresponding to the second aiquots from each
assay tubewerethenlined upwiththeir sprayed counterpartsandthe
areasonthelanematching upin positionwiththeorcinol spotswere
excised, cut into strips, and placed in flasks containing 15 mL 50%
(v/v) ethanal to elute the separated sugars. The eluate was filtered
through a 0.8-mm filter to remove any paper lint residues, takento
dryness in the Speed Vac Concentrator and redissolved in 80 uL
deionized water. Quantification of the isolated sedoheptulose or
mannoheptulose was then carried out by HPLC as above by
comparison to authentic standards.

FRrRUIT RIPENING EXPERIMENTS. Avocado fruit were harvested
during the commercia harvest season and stored in commercial

storage bins at the University of California Kearney Agricultural
Field Station, Parlier, Calif., under environmental conditions(20°C
and 85% to 90% relative humidity) that would induce normal
ripening over 12 d. Each day following harvest, 15 to 20 fruit were
weighed and then investigated for ripening parameters including
loss of firmness, respiration rate (CO, production), and ethylene
production.

Before measuring respiration and ethylene production, indi-
vidual fruit weresealed inacylindrical plastic 0.88-L container for
1to 3 h. Two 12-mL gas samples were then withdrawn from the
container into plastic syringes. For ethylene determination, onegas
sample was injected into a gas chromatograph (Series 400 AGC
211-2; EG& G Chandler, Broken Arrow Okla.) equipped with two
8% NaCl onauminaF-1 columns(0.32 x 122 cmand 0.32x 30cm,
80/100 mesh') and one molecular sieve 5A column (0.32 x 91 cm,
80/100 Mesh) and a flame ionization detector. Separations were
performed at 70 °C and aflow rate of 60 mL-min using aflow gas
mixture consisting of hydrogen (220 kPa), compressed air (83 kPa)
and helium (248 kPa) and asampleinjection volumeof 2.0mL. For
measurement of respiratory CO, production, the other gas sample
was injected into a gas chromatograph (series AGC-111; EG& G
Chandler) equipped with aHayeSep A column (0.32 x 152 cm, 60/
80 mesh), amolecular sieve 13x column (0.32 x 213 cm, 80/100
mesh), and 8% OV-101 onaChromosorb WHP column (0.32 x 183
cm, 80/100 mesh) and athermal conductivity detector (thermistor
current =20 mA). Separationswere performed at 70 °C and aflow
rate of 30 mL-min? using helium (414 kPa) as a flow gas and a
sample injection volume of 1.0 mL.

Following the gas exchange measurements, asmall piece of the
exocarp (skin) of thefruit wasremoved on oppositesidesof thefruit
at the widest point (about two-thirds of the distance from the stem
end). The penetration force required to puncture the fruit flesh was
thenmeasured using aUniversity of Californiafirmnesstester fitted
with a 7-mm tip. For carbohydrate analysis, a longitudinal dice,
weighing =12 g, was taken from each fruit and the flesh was
separated from its ped and seed. The flesh dice was weighed
immediately, cut into small pieces, freeze-dried, and processed for
carbohydrate analysis as described above.

FruiT GIRDLING EXPERIMENTS. Inlate Feb. 1999, whenfruit were
mature, 10to 15fruit weretagged randomly from each of 6 selected
adjacent trees. Five or six tagged fruit were girdied on their fruit
stalks, =2 cm from the proximal end of the fruit, by removal of a2
to3mmstrip of bark usingarazor bladeandasmall lab spatula. This

Table 1. Carbohydrate composition of source leaves and vegetative and reproductive sink tissues of the avocado tree. Samples were collected at
midday during 2 weeks in April 1996 from trees growing in afield plot in Irvine, Calif.

Carbohydrate (mg-g™ dry wt)?

Plant Mannohep- C7 sugar
tissue Starch Sucrose Hexoses tulose Perseitol as % of total
Leaf mature 499+ 126 38.0+6.8 30.0+3.3 70.4+12.8 1740+ 6.4 67.5
Leaf immature 28.8+49 29.8+49 874+15 57.8+6.3 139.0+£ 8.9 57.4
Trunk, cambium 389+36 9.9+16 8.1+0.8 124+0.6 67.6+3.2 58.4
Shoot, stem 705+59 15.0+0.8 77+19 36.9+3.1 111.0+ 8.8 61.3
Root 41.1+11.6 74+23 78+ 15 471+43 78.7+5.6 69.1
Flower, pistil 20.0+85 109.8 + 47.7 77.0+£21.0 247+ 109 23.1+105 18.8
Flower, stamen 322+20 177.6+10.8 106.0+ 7.4 278+ 20 30.6+20 15.6
Flower, nectar 347.0+£38.3 77.4+13.3 16.2+ 3.7 23.6+4.7 8.6
Fruit, flesh 9.2+24 19.3+20 9.7+22 256+7.1 292+23 58.9
Fruit, peel 140+ 16 8.6+ 0.6 0.3+0.1 22.3+05 124.0+ 6.6 86.5
Fruit, seed 246.1+20.1 185+3.2 19+0.7 63.8+ 0.6 88.3+8.1 36.3

“Mean of six measurements + se.
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Fig. 2. Sugar composition of phloem sap exudates obtained from avocado source
leaves. (A) Cumulative sugar exudation over time) and (B) radioactivity in
individual sugars after 12 h exudation following pulse-labelling of detached
leaves with 1“CO,. Vertical barsrepresent + 1 s5, n = 6.

procedure was repeated again on another set of five to six tagged
fruit from each tree 2 weekslater, in early March, 1999. Mesh bags
wereused to support thegirdled fruit whichtended to absciseasthey
softened and ripened on the trees. After 1 month from the first
girdling, thetagged fruit wereharvested andtransportedinathermal
insulated ice chest to the laboratory where they were stored over-
night at 4 °C before analysis of ripeness and carbohydrate content.

Fruit were rated with a numerical scale of 0 to 7 for degree of
ripeness by the method of hand firmness as follows (White et al.,
1998): 0 = overripe, flesh feelsalmost liquid; 1 = very ripe, whole
fruit deforms with dight hand pressure; 2 = fully ripe, whole fruit
deforms with moderate hand pressure; 3 = deformation achieved
with very littlefinger pressure; 4 = can fed 2 to 3 mm deformation
with moderate finger pressure; 5 = very rubbery, can fee the flesh
deform under extremefinger force; 6 = dight give suchthat it fedls
rubbery; and 7 = very hard, no givein the fruit.

The sugar and starch content of samples excised from the fruit
tissues were then analyzed as described above for the picked and
stored fruit.

Reaults
C7 SUGAR CONTENT OF SOURCE AND SINK TIssues. With the

exception of the floral organs and nectar, C7 sugars represented
the predominant forms of nonstructural carbohydrate in the
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avocado tissues analyzed (Table 1). In source leaf tissues, the
contribution of the C7 sugars to the total carbohydrate profile
greatly exceeded that of the conventional six-carbon (C6) hex-
ose-based sugars (starch, sucrose, and hexoses), with the polyol
form, perseitol, being present at the highest concentration. In
vegetativesink tissues (immatureleaves, roots, trunk, and stems)
and in fruit flesh and peel the same general trend was observed.
Only infloral organs (stamensand pistils) and nectar werelevels
of six-carbon sugars, most notably sucrose, higher than the C7
sugars. In the seed, starch accounted for most of the total
nonstructural carbohydrate.

PHLoEM MoBILITY oF THE C7 sucARs. Detached avocado source
leaves exuded sugars from their petiolesinto NaeEDTA solutions
(Fig. 2). The predominant sugars were sucrose and perseitol which
were present at close to equal amounts throughout the exudation
period on amilligram basis (Fig. 2A). On amolar basis, perseitol
[molecular weight (MW) = 212] was present at ahigher concentra-
tion than sucrose (MW = 342). Mannoheptul ose was al so detected
in amounts about half those of the other two sugars (Fig. 2A).

When leaves were photosynthetically 1abeled with CO, be-
fore detachment, all three sugarsin the exudation solution were
labeled with *#C (Fig. 2B). The amount of label recovered in
sucrose was=3-fold higher than that recovered in the C7 sugars,
which were approximately equally labeled (Fig. 2B).
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Fig. 3. Seven-carbon sugar phosphate formation by cell-free extracts from
avocado source leaves. (A) Extracts assayed with transketolase substrates
(xylulose-5-Pplusribose-5-P) and (B) extractsassayed with aldolase substrates
(erythrose-4-P plus dihydroxyacetone-P). Vertical barsrepresent + 1 sg, n=3.
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FORMATION OF MANNOHEPTULOSE BY SOURCE LEAF EXTRACTS.
Cdll-free extracts from mature avocado source leaves produced
sedoheptul ose-7-P(Fig. 3A) or sedoheptul ose-1,7-bis-phosphate
from transketolase (Fig. 3A) and aldolase (Fig. 3B) substrates
respectively. However, only theal dolase product, sedoheptul ose-
1,7-bis-P, was converted further to mannoheptulose (Fig. 3B).
Phosphorylated intermediateswereinvolved as evidenced by the
need to treat assay productswith aphosphatasein order to detect
any C7 sugars, including mannoheptul ose (data not presented).

CARBOHYDRATE CHANGES DURING FRUIT RIPENING. After 5d of
storageat 20°C, maturefruit begantoripen, asnoted by adecrease
infruit firmness. Ripening fruit showed anincreasein respiration
(Fig. 4A) and an increase in ethylene evolution (Fig. 4B). In
mature, unripened fruit, perseitol represented the primary form of
carbohydrate at levels of =30 mg-g~ dry weight (DW) (Fig. 4C).
L evel sof mannoheptul oseremained at low but measurablelevels
throughout theripening process(Fig. 4D). Inunripefruit, perseitol
levels (30 mg-gt DW) greatly exceeded those of sucrose or its
component hexoses, glucose, and fructose (Fig. 4E) or of starch
(Fig. 4F). Theripening processwas accompanied by increasesin
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Fig. 4. Avocado fruit ripening and sugar composition during storage at 20 °C and
85% relative humidity. Physiological changes associated with ripening such as
(A) respiration and (B) ethylene release were monitored along with changesin
(C) perseital, (D) mannoheptulose, (E) sucrose and hexoses, and (F) starchin
the ripening fruit flesh. Vertical bars represent + 1 sg, n = 12.
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the hexose-based sugars, particularly sucrose (Fig. 4E), whilethe
content of perseitol (Fig. 4C) and starch (Fig. 4F) declined
substantially. Levelsof perseitol infully ripened fruit declined to
levels below those of sucrose and hexoses, which then repre-
sented the primary forms of sugar in the flesh (combined value
=20 mg-g’t DW, Fig. 4E).

FRUIT CARBOHYDRATE CHANGES AFTER PHLOEM GIRDLING. About
30d after girdling of thefruit stalk, fruit till attached tothetreehad
a range of stages of ripeness as measured by firmness (Fig. 5),
including many with fully riperatingsof 1to 2. Nongirdled fruit, on
the other hand, maintained afirmnessrating of 7 or thefully unripe
state (Fig. 5). Crosssectionsof thefruit stalk showed that the xylem
tissues of girdled stalks remained intact and undamaged, thus
presumably functional (datanot presented), suggestingthat girdling
had only affected phloem transport into the fruit. Thus, the first
effect of this blockage of phloem translocation appeared to be
removal of theripeninginhibitionwhich normally occurswhenfruit
remain attachedtothetree. Nongirdled (unripe) fruit had the highest
levels of C7 sugars (both perseital, Fig. 5A, and mannoheptul ose,
Fig. 5B) in their flesh. Girdled (ripe or ripening) fruit contained
subgtantialy lower levelsof C7 sugars(Fig. 5A and B) whilelevels
of six-carbon sugars were not substantially different between
nongirdled and girdled fruit (Fig. 5C).

Discussion

Data presented herein further corroborate and extend our past
studies(Liuet al., 1999a, 1999b) which demonstrated theimpor-
tance of the C7 sugars in carbon alocation processes in the
avocado tree. It is evident from these data that C7 sugars are not
only important storage reserves in the tree but are also phloem
mobile productsof primary CO; fixation. Moreimportantly, they
apparently contribute to the carbon balance of the plant to a
greater extent than the more conventional C6 sugars, as was

T T T T T T I

60 | (A) Nongirdled Perseitol
| Girdled |
401 l -
g 20t i
[a)
© 0 : I T T T T
g 60 _.(B) Mannoheptulose
§
£ 40 -
3
% 20 - -
(o))
a3 0 ! y—O—— 0 O 0
T T T T T T T
30 - (C) Sucrose + Hexoses_|
20 —
10 - é\ofo—o——&’é—o 4
0 l | ] | | ! 1

Firm Green Unripe Soft Brown Ripe

Fruit firmness rating

Fig. 5. Changesinfruit sugar compositioninavocadofruitinduced toripen onthetreeby
girdlingthefruit stalk. (A) Fruit persaitol concentration vs. degreeof ripeness, (B) fruit
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concentrationsvs. degree of fruit ripeness. Seetext for description of ripenessscae of
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evident from the phloem sap analysis, where molar amounts of
perseitol were higher than those of sucrose. Thisisin contrast to
what hasbeen previously reportedin hybrid polyanthus (Primula
xpolyantha Hort.) for volemitol, another phloem-mobile C7
sugar, (Héfliger et a., 1999) whose levels in phloem exudates
were substantially lower (only about one-quarter the concentra-
tion) than those of sucrose. Interestingly though, the reducing
form of C7 sugar, sedoheptul ose, corresponding to the C7 polyol
volemitol was a so found in phloem exudates, as we have found
in the present study for mannoheptul ose.

The presence of mannoheptulose and sedoheptulose in ph-
loem exudatesisintriguing, as common dogma holdsthat reduc-
ing sugars are excluded from the phloem as they may dlicit
unfavorable Amadori-typereactionswith proteins(Arnold, 1968).
Thus, itisthought that reducing sugarsare metabolized intomore
complex nonreducing formssuch asdi- and oligosaccharidesand
polyolsto prevent thistype of interaction, although thesetypes of
interactions have not been documented in vivo. An aternative
view is that nonreducing forms simply represent a means of
preventing metabolism of phloem-mobile carbon within the
cytoplasmic milieu of the sieve element. By restricting the
enyzmes for conversion of nonreducing forms back to free
reducing sugarstotissues outsidethe sieve elements, the metabo-
lism of phloem-mobile sugar by the sieve elementsthemselvesis
prevented. Thus, the nonreducing sugars are thought to act as
protected derivatives of glucose (Arnold, 1968) and we suggest
that the reducing forms of the C7 sugars may represent asimilar
strategy. Asindicated previously, there arevery few biochemical
pathwaysinwhich seven-carbon sugarsareintermediates, and in
the few inwhich they arefound, they are dwaysintheform of a
sugar-phosphate. This implies that in order for a C7 reducing
sugar to be put back into general metabolism, it must be phospho-
rylated and then enter a metabolic pathway which can use a C7
skeleton. If the sieve element lacksthe enzymol ogy for phospho-
rylation or further metabolism, then the C7 reducing sugars may
also be operating as protected derivatives of glucose. Thisidea
warrants further study.

A second key finding is that the C7 seven-carbon backbone
may arise from the Calvin Cycle reactions. Clearly, avocado
source leaves were capable of forming radiolabeled C7 sugars,
which collected in the phloem exudate. Our data from the cell-
free extracts show that sedoheptul ose-1,7-bis-phosphate was a
suitable precursor for the production of mannoheptulose-P,
whereas sedoheptul ose-7-P was not. This strongly suggests that
an aldolase reaction similar to that of the Calvin Cycle is the
source of the C7 backbone, but the exact cellular location of the
enzyme activity which converts sedoheptulose-1,7-bis-P to
mannoheptul ose-P, or indeed the nature of the phosphorylated
mannoheptul ose (mono- or bis-P) remainsto be established. We
were unable to detect, during our assay protocol, any direct
conversion of the phosphorylated form to the free sugar, which
may simply mean that our assay conditions were not right for
activity of the phosphatase that carries out this reaction in vivo.
Similarly, we saw no production of perseitol, which again may
suggest that dephosphorylation to the free sugar precedes the
reduction step, as occurs for volemitol synthesis in polyanthus
(H&fliger et al., 1999).

Data presented herein also suggest that C7 sugar metabolism
may beanimportant featureof thefruit-ripening process. Clearly,
in the unripened fruit, perseitol was the predominant form of
soluble sugar and itslevelsdeclined substantially astheripening
process progressed. In fact, in the girdling experiment, adistinct

J. AmMER. Soc. Horr. Sci. 127(1):108-114. 2002.

correlation appeared to exist between the induction of ripening
(i.e., thetransition from Stage 7 toward Stage 6 fruit) and theloss
of perseitol and mannoheptul osein thefruit. Aslong as C7 sugar
levelsremained aboveathreshold of =20 mg-g* DW, noripening
was evident. The same correlation was seen in the picked fruit
ripened at 20 °C, where the normal physiological events such as
ethyleneproduction andincreased respiration associated with the
onset of ripening werenot initiated until adropin C7 sugar levels
below =20 mg-g™ DW had also occurred. This may indicate that
the ripening process is associated with catabolism of C7 sugars
but it is equally possible that the C7 sugars themselves may be
controlling the ripening process. Further datafrom other seasons
and for other cultivars are needed to resolve these issues.

It haslong been presumed that avocadofruit do not ripenonthe
tree dueto aripening inhibitor which istransported from thetree
to thefruit, but the nature of thisripening inhibitor has remained
elusive. We hypothesizethat the C7 sugars may be partly respon-
siblefor ripening inhibition, based on the data presented herein.
First, the C7 sugars are clearly phloem-mobile, making them
potential candidatesfor mobileinhibitors. Second, manno-heptu-
loseisavery potent inhibitor of respiratory processes, acting as
a hexokinase inhibitor and preventing input of glucose into the
glycolytic cycle (Board et a., 1995). As such, mannoheptul ose,
or a C7 sugar form which can be converted to mannoheptulose
(which perseitol may be), would be an ideal candidate for sup-
pressing the ripening process, which involvesamassiveincrease
infruit respiration. Third, theripening processwasclearly inhib-
ited until C7 sugars were metabolized to below acertain level in
the fruit, although more data are required to establish the postu-
lated threshold. And fourth, although it has been presumed that
plant hormonesparti cipateinthecontrol of avocadofruit ripening
(Cowanet a., 2001; Tingwaand Young, 1975a, 1975b), thereis
increasing evidencefor sugars having major rolesin plant devel-
opmental processes (as discussed by Cowan et a., 2001). Such
may also be the case for C7 sugars in avocado.

Previousreports (Tingwaand Y oung, 1975a, 1975b) failed to
demonstrate any effect of phloem-girdling on the ability of
avocado fruit to ripen on the tree. These reports also indirectly
support the role of the C7 sugarsin the control of ripening, asin
their case girdling was done, not on the fruit stalks, but on the
stems connecting the fruit with the leaves. The aim of thislatter
typeof girdling wasto prevent | eaf-derivedinhibitorsfrom being
trand ocated to thefruit and it was concluded that no leaf-derived
substances, either sugars or hormones, wereinvolved in ripening
inhibition. We therefore suggest that the stems themselves (as
seen in Table 1) may have represented substantial sources of
stored C7 sugars. These could have been mobilized into the fruit
viaphloemtransport, keeping the C7 sugar levelshighinthefruit
and thus inhibiting ripening over the experimental period mea-
sured in these studies.

In conclusion, our results clearly indicate that C7 sugars, and
in particular the polyol form, perseitol, are major phloem-mobile
sugarsin avocado. These sugars are primary products of photo-
synthesis and may be derived via mechanisms which divert
carbon directly from the Calvin Cycle following the aldolase
reaction that produces sedoheptulose-1,7-bis-P. The C7 sugars
can therefore be viewed as mgjor contributors to the carbon
balance of the avocado tree and appear to function as stored
reserves in all vegetative storage sinks. It is also possible that
transport of C7 sugarsto thefruit ispart of the mechanismwhich
inhibits fruit ripening on the tree in this species, in association
with hormone homeostasis and signalling.
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