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Introduction
Several reports (7, 8, 22) have described ap-

parently fundamental changes in the rates and nature
of respiratory pathways during infection of higher
planit tissues by obligate parasites, particularly rust
fungi. Although disease can cause increases of
400 % in rates with a marked lowering of C6/C1
ratios, there is considerable uncertainty about the
carbohydrate changes which accompany the respira-
tory alteration. Allen (1) first reported increases
in sucrose and hexoses in wheat infected by powdery
mildew. Gerwitz and Durbin (10) have described
increases in both reducing and non-reducing carbo-
hydrates in wheat infected by rust fungi while otbers
(5,15, 16) have reported marked decreases in both
types of compounds. Shaw and Samborski (22)
found increases at 3 and 7 days after infection of
wheat with rust fungi, but at 5 and 10 days the
diseased tissue contained less sucrose and hexose than
healthy controls.

Inman (13) has pointed out that the amount of
infection and the stage of parasite development are
two factors which are important in such studies.
With heavy infection of the bean rust fungus, the
levels of reducing and non-reducing carbohydrates
increased by 50 and 300 %, respectively, just prior
to sporulation. Subsequently, and within 72 hours,
the levels fell to 50 % of control tissue. With pro-
gressively fewer infections per unit of leaf area the
changes were neither as great nor as abrupt in time.
In cases of light infection the concentrations of solu-
ble carbohydrate did not fall below the levels in
control plants.

It is of interest that, despite the consistently low
C6/C1 ratios in conjunction with high rates of respira-
tion, only the usual hexoses and sucrose have been
positively identified in detectable amounts in diseased
tissue.
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Failure to observe changes in concentrations in
carbohydrates, especially pentoses or heptuloses, post-
ulated to arise by reactions of an oxidative pentose
pathway, is not completely unexpected because of
possible kinetic difficulties (i.e. small pool sizes).
It is also possible that intermediates of glucose catab-
olism via shunt metabolism may be sequestered as
phosphate derivatives and thus not readily identified
by usual chromatographic analysis.

Similar failure to detect changes in sugars have
been reported for tissues in which low C6/C1 ratios
have been induced by other means (2, 20).

In instances of disease-induced changes in C,/C1
ratios, there is circumstantial evidence that an oxida-
tive pentose pathway is involved. It has been shown
that low C6/C1 ratios occurred in the infected areas
of diseased tissues, not in adjacent uninvaded tissue.
The germinating spores of the parasite show low
C6/C, ratios and all of the enzymes of the oxidative
pentose pathway are present with the possible exccp-
tion of transaldolase (23).

There are two reports of alterations in carbo-
hydrates that appear to be related to respiratory
changes due to infection by obligate parasites. Jain
and Pelletier (14) reported increased labelling in
sedoheptulose when plants with low levels of infection
metabolized C140, in the light. Wang (26) reported
similar results and found that this change occurred
in uninfected host cells of diseased leaves. In view
of the association of respiratory changes with invaded
tissue and the complicating role of light in these ex-
periments, the increased synthesis of sedoheptulose
by a pentose pathway in diseased tissue is not estab-
lished.

Furthermore, it is to be noted that in both papers
the evidence presented for the occurrence of sedohep-
tulose apparently is based chiefly on the similarities
of Rf values of a radioactive spot with known com-
pounds, usually in one dimensional chromatograms.
Other workers have not mentioned the presence of
sedoheptulose in rusted tissue (10, 15, 22) and separa-
tion of sedoheptulose from fructose sometimes is dif-
ficult (3). A similar criticism can be advanced for
Wang's admittedly tentative identification of mannose
(26), also not indicated to be present in other studies,
as a major component of diseased tissue.
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In view of the possible bearing that levels of in-
fection (13) may have in correlating respiratory and
carbohydrate changes, the present study was under-
taken with heavy infections of safflower and bean
rust fungi. Preliminary data (13) with radioactive
tracers indicated that the carbohydrate-containing
fractions of rusted bean tissue contained at least one
unreported additional compound with Rf value sug-
gestive of a pentose. The experiments to be described
were done in an attempt to relate products of glucose
metabolism to respiratory changes involving prefer-
ential release of C1 carbon (luring disease development
in safflower.

Materials & Methods
Safflower (Carthlamuiis tinctoriouis L.) and bean

(Phaseolus vulgaris L. var. Great Northern 59) were
grown under controlled environmental conditions de-
scribed previously (7, 8). Infection of safflower
hypocotyl by the rust fungus, Puccinia carth-ainti L.,
was accomplished by dusting germinating seed with
a mixture of teliospores and talc before planting.
Primary leaves of bean were dusted with uredospores
of Uroizvyces phaseoli tvpica L. before placing plants
in a humidity chamber overnight.

Healthy an(l (liseasedl safflower hypocotyl tissues
were collected after sporulation was initiate(d and cut
into sections of 2 to 3 mnm. After washing and
blotting dlry, the weighed tissue sanmples were incu-
batedl in vessels (7) in the dark at 21 C in solutions
of 0.1 AI KH.,PO4 (pH 4.6) containing ra(lioactive
glucose (usually 1 nmg ml). Details of individlual
experiments are given in the section on results. For
each gram of safflower tissue 2 ml of liquid were em-
ployed. Because of problems with clumping of bean
leaf tissue, a ratio of 1 g of bean tissue per 10 ml of
solution was used in petri plates. Sections of bean
tissue, 25 mm2, were mlost convenient for this study.

- Preparation of Extracts. After suitable time
periods the tissue x-as renmoved fromii the bathing
mediumii by filtering througlh four layers of cheese-
cloth an(d washed thoroughly to remove excess radio-
active glucose. It then was blendedl with 50 ml of
80 C(, ethyl alcohol, filtered through a Buchner funnel
and the extracts ( 100 nl) store(d at -10 C.

Extracts were passe(l slow-ly through a 10 X 0.8
cim columinii of Dowvex-lX (200-400 mleslh) in the
formlate formi. This was followed bw slow passage
over a 20 X 1 cm colunmn of indlicating mlix-bed resin
(Cal-Biochem Ag501-x8). Effectiveness of ionl re-
moval wras checked by visual change in indlicator
color. The column 'was rinsed with approximately
30 mil of 80 ethyl alcolhol. Freslh columnIis wtere
use(l for each sample.

The extracts were redlucedl, writlh occasional addi-
tionls of water, in a rotary evaporator un(ler vacuum
at temlperatures no greater than 40 C until approxi-
matelv 15 ml of solution remaine(l. This mlaterial
wsas extracted in a separatory funnel three timles -with
approximately e(qual xoluiies of either anliydrous

ethyl ether or hexane. The non-polar solveint \v-as
w%ashed twice with distilled water and the wasllinigs
combined with the extract (approximately 50 nml).
In most instances the clear, colorless extract was
passed again over indicating mix-bed resins ith
appropriate water washes.

The neutral, lipid-free extracts were reduce(d as
before to approximately two to three milliliters, and(
then made up to standard volunmes (usually 5 nml).
In the experiment of table II, the extracts were Ivo-
philized and made to 1 nil.
1 Paper Chromatography. Since the original
w-eights and final volumes were known, it w\as possible
to transfer for chromatography aliquots representing
known fresh weights of tissue. To prevent over-
loading, it was necessary to restrict aliquots to
amlounts representing less than 150 mg of tissue freslh
wveight, applied by multispotting 2 /ul volumles to
\NVhatman No. 1 paper. A number of solvent systemiis
w,vas tested for separation of a standard referenlce
mlixture of sucrose, glucose. fructose, xylose, and(
ribose. Of each sugar, 25 or 50 ug were employed.
Each chromatogram usually consisted of indlividual
spots of reference compounds, extract, and extracts
over-spotted with reference compounds for comlipari-
sons.

The nmost satisfactory resolution of the unknow-ns
present in extracts was obtained wsith ni-butvl alcolhol-
ethanol-water (BEWV) and ethyl acetate-acetic acid-
xvater (EAW) in volumetric proportions of 52: 32: 16
an(l 3: 1: 3, respectively. It is to be emphasized,
how-ever, that single or multiple passes of solvent w\ith
either small (20 cmi) or large (47 cim) dlistanices fromil
the origin to the paper edge were not sufficielnt to
obtaini suitable resolution. It was necessary to use
descen(ling chromatograms and permlit solvent to (Iril)
from the serrated lower edge for 96 to 120 hours in
order to demonstrate radioactive components in dis-
ease(l tissue whiclh ere distinct fronm those in healthly
tissue. Figure 1 shows such a separatioil of comii-
ponents in diseasedl safflower tissue after 106 hours
of development in EA\V. The total leiigtil of the
chrolmiatogram from origin to edge was 45 ciii. Ri-
bose migrated approximately 38 cml. Four passes
of solvent would have resulte(d in movellemnt froml the
origini of only 17 cnii.

ILocationi of known sugars was routinely (leter-
iiilie(l by phloroglucinol or aniliiie hydrogen l)litlialate
sprays (3). In most instances the paper was sprayed
with aniline hydlrogen phthalate to locate glucose and
the pentoses an(l then sprayed xvith phlorogluciolol
to reveal sucrose, fructose, anldl other ketoses.

Location of radioactive comlponieints froml onie di-
niensionial chronmatography was accomlplished withla
Tracerlab chroniatogram scanner. If goodl resolu-
tion w-as obtained, the spots were cut out an(d counte(d
with a flow counter. For two (liniensional chroniiato-
granis (45 X 45 cnil) (fig 2), the entire paper was
cut into half inch squares for coUnting x ith the gas
flow svsteni.
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Results
Preliminary separation, with two passes in several

solvents of extracts from healthy safflower tissue
which had metabolized glucose-U-C14 (0.5 mg/ml,
106 cpm/ml) for 4 hours indicated that healthy tissue
contained fructose, glucose, sucrose, and several poor-

ly resolved components near the origin which pro-

duced a yellow color with phloroglucinol but did not
react with aniline hydrogen phthalate. Radioactivity
was present only at the sucrose, glucose, and fruc-
tose areas. Chromatograms of similar amounts of
extracts from diseased tissue showed the same com-

ponents to be present but the smaller spot sizes indi-
cated lower concentrations per unit of tissue. The
distribution of radioactivity on chromatograms from
diseased tissue was different from that from healthy
tissue. The sucrose area was more highly radio-
active, while the glucose and fructose areas were not
satisfactorily delineated with respect to radioactivity.
In addition, the area corresponding to xylose migra-
tion was highly radioactive. The results were similar
to those of Wang (26). However, no color was de-
veloped at this region by phloroglucinol or aniline
hydrogen phthalate spra!is.

A radioactive tracing of the more effective method
of descending drip chromatograph (fig 1) resulted
in separating radioactivity of sucrose from that of
a slower moving component (A) possessing most of
the activity previously thought to be entirely in su-
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Fig. 1. Radioactive components present in infected
safflower hypocotyls after exposure to uniformly labelled
glucose. Arrows indicate positions of known sugars
overspotted on extract. A, B, and C designate peaks of
activity not observed in comparable healthy chromato-
grams.

crose. Similarly a second component (B) was ob-
served between glucose and fructose, corresponding
to the expected position for sedoheptulose (3). A
third component (C) migrated nearly identically with
xylose. A comparable healthy tissue extract showved
appreciable radioactivity only in glucose and fructose
with a small amount of radioactivity in sucrose.

The three peaks A, B, and C did not react with ketose
or aldose spray reagents. Four additional spots re-

acting with phloroglucinol and lying between the
origin and unknown A (presumably ketoses such as
raffinose, or similar homologs) did not contain de-
tectable radioactivity and will not be discussed.

Figure 2 shows a two-dimensional chromatogram
of extract representing 100 mg of rust-affected saf-
flower tissue collected at a stage of development 3.
days earlier than the tissue extracts of figure 1. In
this instance arabinose, N-acetyl glucosamine and
xylulose also were used as reference compounds but
did not correspond to any of the unknowns.

In phenol, separation of C from xylose and xylu-
lose4 was accomplished. Ribulose, located on the
basis of Rf values supplied by Dr. W. A. Wood, did
not correspond to B. The Rf of A was similar to
maltose, but a comparison of the Rf values of maltose,
trehalose, sucrose and the unknown with more pro-
longed (136 hr) development of one dimensional
chromatograms in BEW, indicated maltose migrated
more slowly than either unknown A or trehalose.

It was necessary to determine if any or all of the
unknown compounds present in diseased, but not
healthy tissue, arose by reactions involving removal
of the C1 carbon of glucose. Six gram samples of
healthy and diseased tissue were incubated for 6 hours
in 12 ml of 0.1 M KH2PO4 containing 1 mg/ml of
glucose labelled either in the 1, 2, or 6 positions
(specific activities 1.6, 0.72, and 1.3 x 106 cpm /mg) .
During the 3rd and 4th hours, the radioactivity of
respired CO, was determined as described previously
(7). The percentage recoveries are given in table
I. The C6/C1 ratio for diseased tissue was much
lower than that of healthy tissue and the CO/C,; ratio
is in accord with the operation of a pentose pathway
(4).

Aliquots representing 125 mg fresh weight were
over-spotted with reference compounds and chromato-
graphed in BEW for 90 hours. After the usual lo-
cation of areas by color reactions or radioactivity,
each area was cut into three or four segments and
the time required for total of 104 counts determined
for each segment. The data in table II are expressed

4 Samples kindly supplied by Drs. B. L. Horecker and
WNI. A. Wood.

Table I
Percentage Recoveries* of Radioactivity

in Carbon Dioxide**

Percentages
Ci C2 C6 CC/C

H 1.10 1.09 0.80 0.72
D 5.53 2.36 1.34 0.23

* CO, collected in 0.2 ml 10 % KOH during the mid-
dle 2-hour period of a 6-hour exposure to glucose.
Recoveries expressed as cpm per total cpm of sup-
plied glucose X 100.

** From healthy (H) and diseased (D) safflower hypo-
cotyls supplied glucose labelled at the 1, 2, or 6
positions.
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Fig. 2. Two dimensional separation of radioactive components from infected safflower hypocotyls. Note the

unknown C of figure 1 does not correspond to known five carbon sugars.

as cpm for the entire area of each spot after correc-

tion for background and differences in initial specific
activity of glucose.

There are several factors which handicap attempts
to make meaningful comparisons of the absolute
amounts of radioactivity from individual carbons into
specific compounds present in healthy and diseased
tissue: the different rates of sugar uptake and sub-
sequent metabolism, the greater losses of certain
carbon atoms via respiration (table I), randomization
effects, siphoning of specific carbons into other meta-
bolic cycles and recycling of carbon during a 6-hour
exposure of tissue to glucose. A more immediately
useful comparison is the distribution of label expressed
as a percentage of the total on the chromatogram.

It is to be noted, however, that the percentages can
be misinterpreted unless it is remembered that ap-
preciable loss of radioactivity from one component
will affect the percentage distribution among others.
In both healthy and diseased tissue, only one of the
four ketose compounds contained radioactivity. Since
both the absolute levels and percentage are higher in
healthy tissue, its synthesis in diseased tissue prob-
ably represents a continuation, at lower rates, of
normal host metabolism.

In healthy tissue, exogenous glucose was ac-

cumulated to an appreciable extent and synthesis of
sucrose occurred readily. There was detectable but
low activity at the region of xylose and unknown C
from all labelled carbons, while the region at unknown

0
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Table II
Separation of Radioactive Neutral Components*

Healthy Diseased

Chromatogram area C** C C6 C C., C6

Ketose 130(1.2) 90(1.0) 80(1.0) 35(0.2) 45(0.2) 45(0.3)
Unknown A ... 3,380(21.7) 4,000(18.5) 2,500(17.6)
Sucrose 3,400(32.4) 3,200(36.7) 2,300(29.4) 1,380(8.9) 1,400(6.5) 1,070(7.5)
Glucose 6,300(59.6) 5,100(56.8) 5,000(64.0) 7,730(49.4) 9,700(44-9) 6,900(48.6)

Unknown B 50(0.6) 1,030(6.6) 1,550(7.2) 680(4.8)
Fructose 670(6.3) 540(6.0) 360(4.6) 1,150(7.4) 1,430(6.6) 970(6.8)
Unknown C 60(0.6) 40(0.4) 20(0.3) 750(4.8) 3,400(15.7) 2,000(14.1)
(xylose)
Ribose ... ... ... 70(0.4) 90(0.4) 40(0.3)

10,560(100) 8,970(100) 7,810(100) 15,570(100) 21,600(100) 14,200(100)
* Produced from glucose -1, -2 or -6C substrates in healthy and diseased safflower hypocotyls. Aliquots repre-

senting 125 mg of fresh tissue chromatogrammed in BEW for 96 hours. Data corrected for differences in initial
specific activity of glucose and for background. Unbracketed figures are cpm. Parenthesis indicates percentage
of total counts on each chromatogram.

** Sucrose, glucose, fructose, xylose, and ribose areas determined by over-spotting with reference compounds.

B was radioactive in extracts from C6-labelled glucose
but with a low percentage.

In diseased tissue, A was highly tagged but ap-

proximately in equal percentages from C,, C., and C6,
suggesting that this material may be formed by direct
incorporation of glucose into a disaccharide. The
lower activity at the sucrose region, although higher
than in other experiments (fig 2), suggests lower
rates of synthesis in diseased plants than in healthy
tissue. It is to be noted that incorporation into un-

known B, which has an Rf similar to sedoheptulose
is higher from C, and C, than from C6.

The most significant difference in Cl, C., and C6,
incorporation for diseased tissue is in unknown C
which had lower total activity and percentage from
glucose-i-C14. This suggests that this compound
arises from the metabolic system connected with the
preferential release of C, as carbon dioxide. The Rf
also is suggestive of a pentose material. At the
present time it is not possible to explain the appear-

ance of approximately five per cent of the total ac-

tivity from C, in this region of the chromatogram.
Several possibilities exist-there may be other com-

ponents which co-chromatograph with C, random-
ization of label (as for example in an aldolase re-

action), or reactions analagous to the glucuronic acid
pathwvay ( 1 1 ) .

Similar materials were found in bean leaves in-
fected by rust fungi. Table III compares the radio-
activity incorporated from glucose-U-C14 into com-

ponents from 100 mg of tissue separated by two-
dimensional chromatography. At the flecking (5
days after inoculation) and sporulation (8 days after
inoculation) stages only sucrose, glucose, and fructose
reacted with the spray reagents employed. It is to
be noted that in this infection (136 pustules per cm2)
some activity was found in the unknowns shortly
before sporulation, but the activity was increased 3

days later at sporulation when C6/C, ratios are low

(7). The cpm given for unknown A at sporulation
is approximately one-half the true value since this
amount of radioactive area was inadvertently destroy-
ed before counting. The levels of endogenous glu-
cose were small and this may have been due to rapid
conversion of exogenous glucose to sucrose in healthy
tissues.

- Some Properties of the Unknowns. One diffi-

culty encountered repeatedly was the absence of

definite reactions with spray reagents commonly em-

ployed in chromatography of carbohydrates. Nega-
tive or uncertain results were obtained with aniline

hydrogen phthalate, phloroglucinol, ammonium molyb-
date, ammoniacal silver nitrate, and orcinol sprays

Table III
Assay of Radioactivity (cpm) From

2-Dimensional Chromatograms*

Compound Flecking State Sporulation
H D H D

A ... 560 ... 1,300**
Sucrose 1,600 1,350 1,000 2,450
Glucose 90 150 ... 80
B ... 325 ... 1,300

Fructose ... ... ...

C ... 300 ... 670
Xylose ... ... ... ...

Ribose ... ... ... ...

Xyulose ... ... ... ...

* Of extracts representing 100 mg of healthy (H) and
diseased (D) bean leaves. Plants sampled after a
15 hour dark period 5 and 8 days after inoculation.
1 g of tissue placed in 10 ml 0.1 M KH,PO4 con-
taining 1 mg/ml glucose-U-C14 (1.4 X 106 cpm/mg)
for 5 hours.

** Minimal value. Approximately one-half of radio-
active area lost prior to counting.
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(3). I'ermanganate perio(late (3) pro(lucedl a strong
color with unknown C in some extracts, but in some
instances a positive reaction with B and C was diffi-
cult to obtain because of the backgroundl color of the
chrolmiatogram paper.

Since it was possible that the aimiounits were too
low for reaction, concentration of the unknowns was
attemiiptedl by eluting the radioactive areas from
chromatograms prepare(d by applying a thin band of
extract and developing for approximately 100 hours
in BEW. The extract was the same as for figure 1.
Spraying spots representing a tenfoldl increase in
concentration gave goo(d reactions -with permanganate
perio(late for all compounds and, in addition. there
were faint colors produce(d with phloroglucinol and
aniline hydrogen phthalate. However, the latter
were probably the result of contamination of B with
fructose and glucose and of A with sucrose (see
fig 1).

Since A had a nmigration rate characteristic of an
oligosaccharide, several tests with different prepara-
tions from band separations w-ere carrie(d out to de-
terlmline component sugars. Hydrolysis in 1.5 N HCl
for 2.5 hours at 100 C was followed by one dimen-
sional chromatography. Approximately 93 % of the
activity was obtaine(d at the glucose area and 7 %
remainie(l at the origin (table TV).

Of known oligosaccharides. trehalose appeared to
be miiost similar to A an(d a series of comparisons of
the unknown, trehalose, an(l maltose was ma(le. The
Rf values in BEW and EAW were identical to tre-
halose as was the reaction to spray reagents. Both
trehalose and the unknown produced strong color
only with permanganate periodate. The time re-
quire(l for reaction with both compoun(ds was muclh
slower than for other (lisaccharides tested. Accord-
ing to Pigman and Goepp (18), trehalose is resistant
to hydrolysis when compared with other oligosac-
charides. A comparison of the ease of hydrolysis of
A. trehalose, and maltose is shown in table IV.

In this experiment, preparations of knowns andl
A were mixe(d with equal volumes of 2 N HCI. Im-

Table IV
Comparison of Rates of Hydrolysis of A,

Trehalose, & Maltose

Distribution of radioactivity

1 N HCl at 66 C 1.5NHCl at 100 C

0 0.5 hr 2 hr 4 hr 2.5 hr

A 96.7 95.5 95.0 92.2 7
Glucose 1.7 3.3 4.0 6.8 93
Fructose 1.5 1.2 0.9 0.9 Not

detected

% Hyldrolysis
A (Corrected) 0.1 1.1 1.6 3.0
Trehalose* ... 0 0 0
Maltose ... 7.6 24.8 36.5

* Trehalose and maltose hydrolysis determined by
Nelson's modification of Somoygi's procedure (17)

mediately after mixing (U hr) and at 0.5, 2.0. and(I 4
hours, samples of maltose and trehalose wrere analyzed
for reducing sugars. An aliquot of A was place(d on
chromatogram paper and dried with warm air. After
0.5. 2, and 4 hours, additional aliquots were renmoved.
The chromatogram was developed in BEW and
checkedl by the strip scanner for radioactivity. The
active areas xN-ere removed and counted with a flow
counter.

This sample originally contained sucrose as a
contamiiinant since even at zero hours amounts of glu-
cose and fructose equivalent to 3 % sucrose were
present. During hydrolysis the amount of glucose
increase(l wrhile fructose decreased. This is to be
expected since it has been shown that fructose loss
occurs during acidl hydrolysis (25). Corrections for
sucrose hydrolysis based on the amount of fructose
l)resent show (table IV) that the maximum hydrolysis
of A was only 3.0 % in 4 hours. Actually it probably
was less since fructose destruction would minimize
the correction factor. By comparison, maltose was
hydrolyzed to the extent of 36 % while no detectaCble
breakdow-n of trehalose was found.

It was thouglht that perhaps unknowns B and C
mliglht correspond to sugar alcohols since they are
frequently found both in higher plants and(l fungi. A
comiiparison of the mligration rates of the unkno\-ns
with mannitol. (lulcitol. sorbitol, arabitol. ribitol.
xvlitol, and erythritol was made in BEW. The spots
were located with permanganate-carbonate andl brom
cresol purple sprays for sugar alcohols. B migrated
wxith the hexitols while C had migration rates simlilar
to the pentitols arabitol or ribitol. but not xylitol.

Discussion
The data presented clearly indicate that followving

metabolism of added glucose, diseased tissues (liffer
significantly from healthy tissues with respect to

compounds present in neutral, lipid-extracted frac-
tionis. Although the evidence obtained is provisional,
anl clefinite proof must await isolation of sufficient
quantities for chemiiical characterization. trehalose ap-
pears to be one major component synthesized. Re-
ports of the occurrence of trehalose in higher plants
are limited and conflicting, but its presence in fungi
is well documented (11. 18). The occurrence of tre-

halose in diseasecl tissue is further evidence for a

significant contribution of the parasite to metabolism
of the host-parasite complex (8). Failure to detect
trehalose previously may reside in the light infections
employed. the relative lack of reactivity toward car-
bohydrate reagents used as sprays and the difficulty
in obtaining good separations from accompanying
sucrose and maltose. Krog et al. (15) using pro-
cedures involving 60 to 72 hours of irrigation men-
tion the presence in wheat of materials migrating as

di- or trisaccharides which did not react with specific
sugar reagents and which were not analyzed.
Whether these occurredl in rusted or healthy tissues
is not stated.
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The same technical factors, especially lack of re-
activity toward reagents, make identification of B
and C difficult. However, in our experience, the
same difficulties occur with sugar alcohols and the
positive permanganate-periodate reaction suggests a
Polyol structure. Furthermore, compound C ap-
parently is formed after C1 oxidation and migrated
as did arabitol and ribitol, suggesting a pentitol.
Prentice and Cuendet (19) have established, by de-
rivative formation, that wheat rust spores contain
at least 3 % by weight of arabitol. Either arabitol
or ribitol could be formed by reduction of ribulose-5-
phosphate arising by pentose pathway reactions. Al-
though it was not mentioned (26), Wang's chromato-
grams for infected wheat show a radioactive band
at a position similar to that we have found for com-
pound C in infected bean and safflower.

The possible nature of B is more obscure, especial-
ly in view of the published reports claiming mannose
or sedoheptulose (14, 26) in infected leaves. It may
be of significance that these two reports stress results
obtained by radioautography, but other papers do
not mention the detection of either sugar in rusted
tissue. In the present study, compound B did not
give the reactions of sedoheptulose nor mannose.
Further, in our solvents mannose migrates nearly
identically with fructose.

It is possible that B may correspond to a hexitol
but D-manno-D talo-heptitol (sedoheptitol, volemitol)
has also been found in fungi (18). If B arose by a
transketolase reaction with pentoses as substrate
and acceptor, the greater amount of radioactivity
(table II) from Co labelled glucose when compared
to C6 is as expected. The relatively high amount
of tagging from both C9 and C1 is not expected un-
less hexose (i.e. fructose-6-phosphate) acts either as
an acceptor or donor to form an octulose (9). Such
compounds have been observed in plant tissues (6).
As indicated previously, randomization effects im-
pose limitations on the interpretation of the relatively
slight differences observed.

Recent studies have demonstrated the existence of
dehydrogenases which convert pentuloses, hexuloses,
and heptuloses to corresponding alcohols (27). A
greater specificity has been claimed for a TPN de-
hydrogenase while the DPN system converts a variety
of substrates to alcohols. Since oxidative pentose
metabolism is TPN linked, specificity of TPN de-
hydrogenases might limit the number of possible
alcohols occurring in diseased tissues. Previous
workers have found that the sugar alcohols have a
pronounced effect on the development of rust. Sam-
borski and Forsyth (21) and Silverman (24) have
inhibited rust development by applications of sorbitol,
ribitol, arabitol, dulcitol, and mannitol without toxic
effects on the host. Silverman found that the effect
could be readily overcome by removal of the alcohol
and subsequent application of a suitable sugar to the
tissues. One possible explanation would involve
sugar alcohol formation as a metabolic sink to main-
tain low TPNH/TPN ratios during high rates of

respiration via the pentose pathway (4). A supply
of exogenous sugar alcohol would act reversibly to
inhibit oxidative pentose metabolism and inhibit rust
development.

Although the major emphasis in the literature has
been on wheat rust diseases, while the present study
used bean and safflower as host, the existence of
similar materials in all species indicates common path-
ways (7). The possibility that trehalose or sugar
alcohols may be present in rusted tissue would neces-
sitate re-examination of previous analytical data on
carbohydrate levels, especially in comparisons of re-
sistant and susceptible plants. Mild analytical pro-
cedures for non-reducing sugars, designed to detect
sucrose, probably would fail to detect trehalose.
Similarly, analytical data based on elution of spots
revealed by sprays also might be misleading. Positive
quantitative identification of these compounds is
essential and is in progress.

Summary
Rust-affected safflower and bean tissues, char-

acterized by high rates of respiration and low C6/C1
ratios, have been shown to contain at least three
components resembling carbohydrates which are not
detectable in healthy tissues. Chromatograms of
neutral, lipid-free extracts from diseased tissue which
had been fed uniformly labelled glucose showed high
levels of activity at regions corresponding to a di-
saccharide (A), hexose (B), and pentose (C).
Through the use of glucose labelled in the 1, 2, or 6
positions, it was shown that C probably arises after
the removal of the first carbon of glucose and, there-
fore, is directly related to the low C6/C1 ratios ob-
served during infection. Compound A, however, ap-
peared to be synthesized from the intact glucose
molecule and yielded glucose on acid hydrolysis. The
metabolic origin of B is uncertain.

Although none of the materials could be detected
by the usual carbohydrate spray reagents, all gave
positive permanganate periodate reactions indicating
polyol structures. On the basis of Rf values and
ease of hydrolysis, A appeared to be trehalose, a di-
saccharide found in fungi. It is suggested that since
C co-chromatographs with arabitol, previously found
in rust spores, unknown C may be a sugar alcohol
produced by metabolic reduction of intermediates of
the pentose pathway. The other unknown, B, also
has properties and Rf values similar to known
polyols. The significance of the results is discussed
with respect to previous interpretation of carbo-
hydrate levels in rusted tissues.
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