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ABSTRACT

Partitioning and transport of recently fixed photosynthate was exam-
ined following "CCO2 pulse-labeling of intact, attached leaves of Salvia
spkndens L. maintained in an atmosphere of 300 microliters per liter
CO2 and 20, 210, or 500 milliliters per liter 02- Under conditions of
increasing 02 (210, 500 milliliters per liter), a smaller percentage of the
recently fixed "C in the leaf was allocated to starch, whereas a greater
percentage of the fixed "C appeared in amino acids, particularly serine.
The increase in "C in amino acids was reflected in material exported
from source leaves. A higher percentage of "C in serine, glycine, and
glutamate was recovered in petiole extracts when source leaves were
maintained under elevated 02 levels. Although pool sizes of these amino
acids were increased in both the leaves and petioles with increasing
photorespiratory activity, no significant changes in either "C distribution
or concentration of transport sugars (i.e. stachyose, sucrose, verbascose)
were observed. The data indicate that, in addition to being recycled
intracellularly into Calvin cycle intermediates, amino acids produced
during photorespiration may also serve as transport metabolites, allowing
the mobilization of both carbon and nitrogen from the leaf under condi-
tions of limited photosynthesis.

Although considerable interest exists in intracellular recycling
of both C and N during photorespiration (24, 26), little impor-
tance is attached to the possible role of the key photorespiratory
intermediates as intercellular metabolites. For example, amino
acids such as serine and glutamate, which are generated during
the recycling of photorespiratory C and N, are also ubiquitous
components of phloem exudates (30). This observation chal-
lenges the view that key photorespiratory intermediates are con-
servatively cycled within specific organelles or even within the
cells where they are synthesized.
The effects of varying 02 (3, 8, 16, 24) and CO2 (24, 25, 28)

levels on metabolism in source leaves are well documented.
During photorespiration, the distribution of '4C in starch in leaf
tissues declines, concomitant with an increased incorporation of
newly fixed C into glycine and serine (28,29). Rates ofmovement
of '4C-labeled (21, 28) as well as "C- and '3N-labeled (6) pho-
toassimilates from source leaves under varying photorespiratory
conditions have been reported previously. This paper identifies
the metabolites actually exported from source leaves of Salvia
splendens at varying 02 levels.

'Supported by grants from the Natural Sciences and Engineering
Research Council of Canada and the Ontario Ministry of Agriculture
and Food to B. G. and was carried out during tenure of an Ontario
Graduate Scholarship to M. M.

MATERIALS AND METHODS

Plant Material. Twelve-week-old plants ofSalvia splendens L.
cv St. John's Fire (Stokes Seeds, St. Catherines, Ontario, Canada)
were used for all experiments. Plants were grown from seed in a
soil:peat:perlite mix (1: 1: 1, v/v) in a greenhouse under natural
lighting with day temperatures of 25 to 30TC and night temper-
atures of 18 to 23C. The plants were supplied once weekly with
commercial 20:20:20 fertilizer.

Chemicals. NaH'4CO3 (55.5 mCi mmol-') was obtained from
New England Nuclear). Dansyl chloride (N,N-dimethyl-l-nap-
thylamine-5-sulfonic acid chloride), authentic dansyl amino
acids, and amyloglucosidase (from Rhizopus, 10,000 units g-')
were purchased from Sigma Chemical Co. Porapak Q resin (80-
100 mesh) was purchased from Chromatographic Specialties
Ltd., Brockville, Ontario, Canada.

Photosynthesis Measurements. Intact, attached, fully ex-
panded leaves were used for all experiments. An open gas-
exchange system similar to that described by Ludwig and Canvin
(14) was used for measurement of photosynthetic rates. The leaf
was sealed into a Perspex leaf cuvette (6.5 ml internal volume
[14]), and a humidified gas stream containing predetermined 02
(supplied from commercially prepared cylinders) and CO2 (gen-
erated by Wosthoff gas mixing pumps; H. Wosthoff, D463
Bochum, FRG) levels was passed over the leaf at a flow rate of
0.5 1 min-'. Light, provided by three 75-w incandescent lights
and filtered through a 0.5% CuSO4 solution, was supplied at an
intensity of 540 ME m-' s-' (PAR, 400-700 nm) at the level of
the cuvette surface. Photosynthetic rates were obtained using a
ADC-225-MK3 IR gas analyzer (Analytical Development Co.
Ltd., Hoddeson, U.K.) operated in the differential mode. Leaf
temperature and chamber temperature were measured using YSI
1000 ohm precision themistors (Electro Sonic Inc., Willowdale,
Ontario, Canada). Humidity and transpiration measurements
were obtained with a EG & G model 911 Dew-All Digital
Humidity Analyzer (EG & G Environmental Equipment, Wal-
tham, MA).
"CO2 Pulse-Labeling. An intact leafwas allowed to photosyn-

thesize in an atmosphere containing 300 Ml l' CO2 and 210 ml
I-' 02 for 30 min to establish a steady rate of photosynthesis.
The 02 partial pressure of the gas mixture was then switched to
20,210, or 500 ml I' and photosynthesis was allowed to continue
for a further 30 min. The gas stream was then diverted from the
.leaf cuvette, and 10 MCi of '4C02, generated in a 10-ml syringe
by the addition of 5 N H2SO4, was injected into the cuvette by
inserting the syringe needle between the rubber seals holding the
leaf in the cuvette. After a 1-min labeling period, the gas flow
over the leafwas reestablished. After a 15-min chase period with
unlabeled C02, the leaf and petiole were excised and extracted
separately in boiling 80% ethanol. Chl content of the leaf tissues
were determined using the method of Arnon (1).

"C-Metabolite Analysis. Soluble '4C-labeled products from
leaves and petioles were removed by three further extractions in
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80% ethanol at 70C. The extracts were pooled, reduced in
volume to about 1 ml, passed through coupled 1-ml columns of
Dowex 50 (Hf) and Dowex 1 (formate-) and fractionated into
neutral, basic, and weakly and strongly acidic components as
described by Atkins and Canvin (2). Neutral compounds were
separated by TLC on Eastman cellulose sheets in n-pro-
panol:ethyl acetate:water (7:1:2, v/v), weakly acidic compounds
in ethanol:NH4OH:water (17:1:2, v/v) and basic compounds on
Eastman silica gel sheets in n-butanol:acetone:dicy-
clohexylamine:water(5:5: 1:1, v/v). Radioactive metabolites were
detected by autoradiography on Kodak X-OMAT X-ray film
and cut out from the plates for quantitation of 14C by liquid
scintillation counting in a xylene:0.5% PPO scintillation mixture.

Radioactivity in starch was determined by treating the ex-
tracted residues from leaves and petioles with 50 units of amy-
loglucosidase (19) in 5 ml of Na-acetate buffer (pH 4.5) for 4 h
at 45C and counting aliquots of the supernatant in Tolu-
ene:methyoxyethanol (5:4,v/v) containing 0.7% PPO. TLC and
autoradiography showed that over 99% of the "4C in the super-
natant was [14C]glucose, indicating complete digestion of the
starch.
Amino Acid and Sugar Quantitation. Samples of the basic

fractions corresponding to one-tenth of the total were converted
to their dansyl derivatives (15) by reaction with 0.4 ml Na-
bicarbonate buffer (pH 9.8) and 0.5 ml dansyl chloride (3.5 mg
ml-') for 1.5 h at 37C. The reaction mixtures were then made
to 4.0 ml with 0.1 N HCI and applied to 1-ml columns ofPorapak
Q resin (15). Dansyl hydroxide was eluted with 8 ml of5% acetic
acid and dansyl amino acids with 10 ml 80% (aq) acetone. The
acetone fractions were taken to dryness and resuspended in 0.1
ml of ethanol/triethylamine (99:1, v/v), and 0.02-ml aliquots
were spotted on Eastman silica gel sheets. Dansyl amino acids
were identified by cochromatography with authentic dansyl de-
rivatives in chloroform:tert-amyl alcohol:HCOOH (70:30:3, v/
v). This solvent system allowed separation of the dansyl deriva-
tives of the major amino acids found in the tissue extracts, with
the exception ofaspartate and glutamine, which occasionally ran
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FIG. 1. The effect ofvarying 02 and CO2 levels on net photosynthetic

rate of attached, intact leaves of S. splendens. Data represent the means
ofthree measurements obtained from different leaves maintained at each
02 and CO2 level.
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FIG. 2. The effect of 02 level on distribution of "C in products
extracted from leaves and petioles ofS. splendens followingpulse-labeling
with "4CO2. Leaves were allowed to photosynthesize in an open gas
stream containing 300 itl 1-' CO2 and 210 ml `' 02 for 30 min, then the
02 partial pressure was changed as indicated. After a further 30-min
photosynthetic period at the new 02 level, leaves were pulse-fed "CO2
for I min as described in "Materials and Methods." After a 15-min chase
with '2CO2 at the indicated 02 level, leaves and petioles were killed and
extracted for metabolite analysis. Data represent the means of triplicate
experiments for each 02 level. Total "C recovered: 20 ml 1' 02, 7.09 +
0.31 dpm x 10' (leaf), 4.57 ± 0.25 dpm x 10' (petiole); 210 ml 1-1 02,
7.40 ± 1.67 dpm x 10 (leaf), 8.29 ± 2.93 dpm x 10' (petiole); 500 ml
1-' 02, 3.78 ± 0.27 dpm x 10 (leaf), 6.70 ± 0.72 dpm x 104 (petiole).

as a single spot. Quantitative analysis of each amino acid was
obtained by scanning the TLC plates (Turner model M fluoro-
meter equipped with a 7-60 primary filter and 2A plus 65A
secondary filters; G.K. Turner & Associates, Palo Alto, CA) and
comparing peak area measurements to those ofknown quantities
of authentic dansyl amino acids.

Quantitation of sugars containing fructose residues (i.e. ver-
bascose, stachyose, sucrose, and fructose) in extracts was deter-
mined using resorcinol (9).

RESULTS

The net photosynthetic rates of attached leaves of Salvia
splendens L. exposed to varying levels of 02 or CO2 are shown
in Figure 1. The pattern is typical of C3 plants where net
photosynthesis is reduced by lower CO2 levels or higher 02 levels
(i.e. the Warburg effect). At 300 d 1-' C02, for example, an
increase in 02 partial pressure from 20 ml 1-' to 210 or 500 ml
1-' resulted in a decrease in net photosynthesis rate of approxi-
mately 30% and 60%, respectively.
A change in the 02 environment around the leaf also resulted

in a marked change in the allocation of "C among various
metabolites following a pulse of "CO2 (Fig. 2a). The distribution
of "IC in the transport sugars commonly found in members of
the Lamiaceae (i.e. stachyose, sucrose, verbascose [11]) was not
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Table I. The Effect ofIncreasing 02 Partial Pressure on Distribution of
'4C in the Neutral Fractionsfrom Leaves and Petioles ofS. splendens L.

Experimental conditions were as described in Figure I and "Materials
and Methods." Data represent the means of triplicate experiments for
each 02 level (± SE)

Percentage of Neutral Fraction "C at
Following Oxygen Partial Pressure

(ml 1-')

20 210 500

Leaf
Verbascose 3.4 ± 0.7 7.3 ± 1.6 6.7 ± 1.4
Stachyose 38.6 ± 1.3 38.3 ± 1.8 38.6 ± 1.7
Galactinol 17.3 ± 0.7 18.6 ± 0.7 17.5 ± 1.1
Raffinose 3.9 ± 0.4 6.8 ± 0.4 5.8 ± 0.5
Sucrose 24.8 ± 0.3 27.3 ± 2.7 24.9 ± 1.6

Petiole
Verbascose 12.8 ± 2.0 14.7 ± 4.1 16.2 ± 1.1
Stachyose 57.3 ± 4.8 55.7 ± 2.5 54.2 ± 2.0
Galactinol ND ND ND
Raffinose 6.5 ± 0.8 8.7 ± 0.6 9.5 ± 0.6
Sucrose 18.2 ± 3.8 18.6 ± 2.2 18.4 ± 2.1
* Not detected.

.

LA
4
LU

4

0

z
uJ

C-)

LU

a.

10.0l

8.0

6 .-0

4.01

2.01

10.0

11
- 8.0
Lu

J
0

i 6.0
Lu

0.

4 4.0
I2-
0
I--
1 2.0

C.)
Lu

'1F

a
LEAF *serine

glu +
~~~~asp

&-. glycine

*
-...--=---a m ala

A gin

-A

PETIOLE b

glu+
_ oasp

- _o~~-- -

* serine
o.-

_ *_ _ _-- ~gin
glyc ine

j- = = = = =_ _ -- ala
1 thr

20 210 500

OXYGEN (ml L-1)
FIG. 3. The effect of 02 level on distribution of "C in amino acids in

leaves and petioles of S. splendens. Experimental conditions were as

described in Figure I and "Materials and Methods." Data represent the
means of triplicate experiments for each 02 level. ala, alanine; asp,
aspartate; gln, glutamine; glu, glutamate; thr, threonine.

Table II. The Effect ofIncreasing 02 Partial Pressure on Pool Sizes of
Sugars and Amino Acids in Source Leaves and Petioles of

S. splendens L.
Experimental procedure was as described in Figure I and "Materials

and Methods." Data represent the means of triplicate measurements
obtained from different leaves at each 02 level (± SE).

Oxygen Partial Pressure (ml 1-')

20 210 500

Leaf
,smol mg-' Chl

Sugars 2.85 ± 0.76 3.36 ± 0.60 3.36 ± 0.62

Amino acids nmol mg-' Chl
Serine 35.2 ± 1.3 71.2 ± 6.7 101.3 ± 28.1
Glycine 6.3 ± 0.4 30.9 ± 1.5 59.2 ± 14.2
Gutamate 144.6 ± 19.8 283.8 ± 38.8 641.9 ± 52.7
Glutamine 43.8 ± 12.3 64.0 ± 9.2 120.7 ± 17.9
Aspartate 22.0 ± 3.5 46.8 ± 6.5 65.4 ± 4.9
Asparagine 16.5 ± 2.3 21.6 ± 5.1 21.4 ± 0.7
Alanine 90.2 ± 6.5 103.4 ± 17.7 196.5 ± 74.4
Threonine 10.1 ± 1.3 14.4± 1.9 15.1 ± 1.7

Petiole
nmol petiole-'

Sugars 475 ± 4 552 ± 56 583 ± 43

Amino acids
Seine 37.3 ± 4.4 50.5 ± 1.3 60.2 ± 3.7
Glycine 7.6 ± 0.5 13.2 ± 1.4 14.7 ± 0.7
Glutamate 17s8 ± 0.4 36.4 ± 5.3 46.4 ± 3.0
Glutamine 19.6 ± 0.5 33.8 ± 4.1 46.6 ± 2.1
Aspartate 39.5 ± 7.8 46.1 ± 6.8 75.6 ± 3.5
Asparagine 11.7 ± 2.3 12.0± 1.7 8.3 ±0.4
Alanine 14.1 ± 0.8 24.7 ± 1.9 36.1 ± 3.7
Threonine 11.1 ± 2.1 12.3 ± 1.9 14.9 ±0.9

appreciably altered by 02 level in either the leaf tissues (Fig. 2a;
Table I) or in the petioles (Fig. 2b; Table I). However, a smaller
percentage of "C in the leaf tissue was incorporated into starch
at high 02 levels, which corresponded with an increased incor-
poration into amino acids (Fig. 2a). The percentage of "C in
amino acids in the petiole (Fig. 2b) also increased as the 02 level
around the source leaf was raised.

Analysis of the amino acid fraction showed that, in the leaf
tissue (Fig. 3a), the distribution of label in all amino acids
increased with increasing 02. Partitioning of 14C into serine was
markedly enhanced. In the petiole (Fig. 3b), "C distribution in
serine and glycine was also markedly increased at higher 02 levels
while that in glutamine, alanine, and threonine did not change.

Further analysis (Table II) showed that the actual pool sizes of
amino acids were increasing as the 02 level around the leaf was
raised. In leaf tissues, all major amino acids, with the exception
of asparagine and threonine, showed increased pool sizes under
high 02 partial pressures. Levels of glycine, serine, glutamate,
and glutamine in particular rose, indicative of a significant flux
of both photorespiratory C and N in the leaves. In the petiole, a
parallel rise in the pool sizes of these amino acids was also
apparent (Table II).

DISCUSSION

Early studies on the metabolism of photorespiratory interme-
diates (10, 17, 24, 27) indicated that PGA and sucrose are formed
by the internal (i.e. intracellular) recycling of carbon via the
glycolate pathway (Fig. 4). The scheme in Figure 4 also takes
into account the possibility of an additional intercellular com-
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ponent, namely the export of sugars formed from glycolate as
well as the export of glycine, serine, glutamate, and glutamine.
Although it is argued that the photorespiratory nitrogen cycle
represents the major flux ofN within the leaf (26), less is known
about the biochemical sources ofamino acids destined for trans-
port from source leaf tissues (6, 7, 22). Little photorespiration
evidently occurs in sink leaves (20); therefore, photorespiratory
activity in source leaves may provide key metabolites needed for
development and maintenance of growing sinks.
The relatively unchanged pool sizes of transport sugars in both

leaves and petioles of Salvia (Table II) indicate that photorespir-
atory activity may serve to maintain constant sugar levels as
suggested previously (28, 29). Because the recycling of carbon
from glycolate to sugars requires both NADPH and ATP, it has
been suggested that photorespiratory carbon cycling provides a
means of dissipating excess light energy (18). Recent studies (23),
however, question the view that illumination is accompanied by
a general increase in the ATP/ADP quotient outside the chlo-
roplast and specifically not in the cytosol.
During photorespiration, the major gases generated appear to

be NH3 and CO2. It has been suggested (18) that considerable
recycling ofthe CO2 via the Calvin cycle occurs under conditions
when stomates are closed (e.g. water stress). Refixation of pho-
torespiratory CO2 may affect energy dissipation as mentioned
above (18) and may also alter the metabolism ofother gases such
as ethylene (5), which is also a product ofamino acid breakdown.
There is some debate whether photorespiratory serine synthesis
requires NH3 release as several intercellular mechanisms (Fig. 4)
may account for the synthesis of this amino acid (13, 22).
However, there is good evidence that most of the NH3 generated
during glycine decarboxylation is refixed (12) and not released
from the tissue (4). The reassimilation of photorespiratory NH3
would also utilize reducing equivalents (6, 26).

Interestingly, assimilates labeled in source leaves following
feeding of exogenous 13NH3 are readily translocated at rates
similar to "C-labeled photoassimilates (6). The data currently
available indicate that the amino acids glutamate, glutamine,
and serine are most heavily labeled following exposure of leaf

tissue to I3NH3 (7). Further experiments are in progress to
determine whether the '3N-products exported under varying 02
levels are the same as those labeled from '4CO2 (Fig. 3; Table II)
in the present study.
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