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Metabolism of Transpired Ethanol by Eastern Cottonwood 
(Populus deltoides Bartr.)' 

Robert C. MacDonald*' and Thomas W. Kimmerer 

University of Kentucky, Department of Forestry and Graduate Program in Plant Physiology, Biochemistry, and 
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Ethanol has previously been shown to be present in the xylem 
sap of flooded and nonflooded trees. Because of the constitutive 
presence of alcohol dehydrogenase in the mature leaves of woody 
plants, we hypothesized that the leaves and shoots of trees had the 
ability to metabolize ethanol supplied by the transpiration stream. 
1-["CIEthanol was supplied to excised leaves and shoots of eastern 
cottonwood (Populus deltoides Bartr.) in  short- and long-term 
experiments. More than 99% of the radiolabel was incorporated 
into plant tissue in short-term experiments, with more than 95% 
of the label remaining in plant tissue after 24 h. In all experiments, 
less than 5% of the label was transpired as ethanol and less than 
1% was emitted as COz. In  excised leaf experiments, less than 
0.5% of the radiolabel escaped from the leaf. Fifty percent of the 
label was incorporated into the petioles of excised leaves; 56% 
was incorporated into the stems of excised shoots. Very little label 
reached the leaf mesophyll cells of excised shoots, as revealed by 
autoradiography. Radiolabel appeared primarily in the water- and 
chloroform-soluble fractions in short-term experiments, whereas 
in long-term experiments, label was also incorporated into protein. 
These results demonstrate that the leaves and stems of trees appear 
to have substantial ability to scavenge ethanol from the transpira- 
tion stream, allowing efficient recovery of ethanol produced else- 
where by hypoxic tissues. When labeled ethanol was supplied to 
excised petioles in a 5-min pulse, 41% of the label was incorpo- 
rated into organic acids. Some label was also incorporated into 
amino acids, protein, and the chloroform-soluble fraction, with 
very little appearing in neutra1 sugars, starch, or the insoluble 
pellet. Labeled organic acids were separated by high performance 
liquid chromatography and were composed of acetate, isocitrate, 
a-ketoglutarate, and succinate. There was no apparent incorpora- 
tion of label into phosphorylated compounds. We conclude that, 
in higher plants, ethanol is metabolized to acetaldehyde and then 
to acetate by alcohol and aldehyde dehydrogenases, and then into 
general metabolism. 

Although it is usually assumed that trees differ from other 
plants only in form, size, and longevity, there are also bio- 
chemical features that are unique to trees. One such feature 
is the high constitutive activity of ADH in tree leaves. From 
a survey of the leaves from many plant species, we found 
high apparent ADH activity in woody plants (both gymno- 
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sperms and angiosperms) and little or no activity in most 
herbs, forbs, and lower plants (Kimmerer and MacDonald, 
1987). The leaves of eastern cottonwood (Populus deltoides 
Bartr.) constitutively express ADH activity, and this activity 
varies little with changes in externa1 oxygen availability (Kim- 
merer, 1987). In contrast, ADH is not inducible in leaves of 
soybean or maize seedlings, and leaves of these plants pro- 
duce little or no ethanol upon exposure to hypoxia (Freeling 
and Bennett, 1985; Kimmerer, 1987; Kimmerer and Mac- 
Donald, 1987). 

For severa1 years, we have been seeking an explanation for 
this difference. We know that tree leaves produce ethanol in 
response to a number of stresses (Kimmerer and Kozlowski, 
1982; Kimmerer and MacDonald, 1987). In particular, tree 
leaves produce ethanol in response to exposure to acidic 
gasses such as sulfur dioxide and nitrogen oxides, apparently 
as the result of cytoplasmic acidification (Kimmerer and Ko- 
zlowski, 1982; MacDonald et al., 1989a). However, because 
high levels of acidic pollution are a relatively recent phenom- 
enon, it is doubtful that this is the reason for constitutive 
activities of ADH in tree leaves. 

Very high ADH activity also occurs in the vascular cam- 
bium of trees, and tree stems contain varying amounts of 
ethanol (Kimmerer and Stringer, 1988; MacDonald and Kim- 
merer, 1991). Ethanol concentrations in the transpiration 
stream of flooded and nonflooded trees were approximately 
1 m~ and 50 PM, respectively (MacDonald and Kimmerer, 
1991). Fermentation occurs in the roots and possibly stems 
of trees (Eklund, 1990; Harry and Kimmerer, 1991), and 
therefore, we have proposed that one function of ADH in 
leaves may be to consume ethanol carried from the stem or 
root system in the transpiration stream (MacDonald et al., 
198913); MacDonald and Kimmerer, 1990, 1991). Conse- 
quently, constitutive expression of ADH in leaves may serve 
to minimize escape of ethanol from the tree, thus allowing 
recovery of the carbon and energy invested in ethanol. 

The pathway for ethanol metabolism is well known in 
animals. Ethanol is typically converted to acetaldehyde, then 
to acetate as a result of the actions of ADH and AldDH 
(Williamson and Tischler, 1979). Although it has been sug- 
gested that the same pathway is operational in higher plants, 
the evidence for this conclusion is circumstantial and comes 
from experiments with immature tissues (Cossins, 1978). 

Abbreviations: ADH, alcohol dehydrogenase (EC 1.1.1 .l); AldDH, 
aldehyde dehydrogenase (EC 1.2.1.3); LPI, leaf plastochron index; 
TCA, tricarboxylic acid cycle. 
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Radiolabel from [I4C]ethanol has been found in acetaldehyde, 
TCA cycle intermediates, amino acids, and lipids in these 
tissues (Cossins and Turner, 1963; Cossins, 1978). Similar 
labeling patterns are found when tissues are supplied with 
[14C]acetaldehyde or [I4C]acetate (Cossins, 1978). However, 
incorporation of radiolabel into acetate from ethanol has not 
been demonstrated in higher plants. 

Our aim was to determine whether the leaves and upper 
stems of eastern cottonwood had the ability to metabolize 
ethanol present in the transpiration stream, and, if so, to 
determine the biochemical pathways and the tissues in- 
volved. These objectives were met by using excised leaves 
and shoots in radiolabeling studies, by chemical fractionation 
of labeled compounds, and by autoradiography. 

MATERIALS AND METHODS 

lncorporation of ['4C]Ethanol in Excised Leaves 

The LPI developed by Larson and Isebrands (1971) was 
used. This system uses the phyllotaxy of greenhouse-grown 
eastern cottonwood (Populus deltoides Bartr.) in characterizing 
leaf development, designating the first unfolding leaf of 2 cm 
in length as LPI O with LPI 6 indicating the first fully 
expanded leaf and the first leaf to become a net source of 
carbon to the plant (Larson and Isebrands, 1971; Larson and 
Dickson, 1973). 

Leaves of LPI 6 were excised from three greenhouse-grown 
eastern cottonwood seedlings and the end of each petiole 
was quickly submerged in filtered, deionized water. The 
petiole of each leaf was inserted through a rubber septum 
and recut under water. The septum was then inserted into a 
0.7-mL glass tube, which was attached to a system supplying 
300 p~ ["CI- or [l-'4C]ethanol (8.1 wCi/mL) to the cut end 
of the petiole as illustrated in Figure 1. The system consisted 
of separate reservoirs for the ["C]- and ['4C]ethanol con- 
nected by syringe valves. During the transfer between 
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Figure 1. Apparatus used to supply ["CI- or [14C]ethanol in the 
transpiration stream to excised leaves and shoots of eastern cotton- 
wood. Details are presented in "Materials and Methods." 

ethanol solutions, the system was flushed with the appropri- 
ate solution by opening the waste valve for a short period of 
time. This method allowed efficient transfer between pulse 
and chase of the label and provided accurate measurement 
of the amount of each solution transpired. The excised leaf 
was then placed in a 19 X 17 X 1.5 cm Tedlar-lined (DuPont 
Co.) plexiglass cuvette, through which air flow was main- 
tained at 270 mL/min. The air from the cuvette was passed 
through a cold finger to reduce moisture, a 40-mL glass tube 
filled with ToxTrap (ToxTrap Inc., Smyrna, DE) to remove 
transpired ethanol, and then bubbled through 10 mL of 
ethanolamine to remove C02. The experiment was carried 
out in a glove box under a 1000-W low-pressure sodium 
vapor lamp; PPFD at the leaf was approximately 350 pmol 
m-* s-I. [I2C]Ethanol was supplied to the leaf for at least 1 h 
to achieve steady-state conditions, followed by a 1-h pulse 
of ['4C]ethanol, and then a 1-h chase. At the end of the 
experiment, the leaf was plunged into liquid N2 and lyophi- 
lized to prevent further metabolism and to eliminate any 
unmetabolized [14C]ethanol. The leaf was then sectioned into 
petiole, midrib, and major veins, and remaining lamina and 
dry weight were measured on each section. Ethanol was 
eluted from the ToxTrap with 10 mL of water. Radioactiv- 
ity was determined in this eluate, the ethanolamine, and 
the condensate from the cold finger by liquid scintillation 
spectrometry . 

For further analysis, leaves were homogenized in a Ten 
Broeck tissue grinder with 2 mL of ice-cold 12:5:3 (v/v/v) 
methano1:chloroform:water and partitioned into a water-sol- 
uble, a chloroform-soluble, and an insoluble fraction (Dick- 
son, 1979). The chloroform-soluble fraction was dried in a 
rotary evaporator at  3OoC and redissolved in scintillation 
cocktail. The insoluble pellet was combusted in a Packard 
Biological Oxidizer and the resulting C02 was trapped in 
CarboSorb (Packard Instrument Co.). Radioactivity in a11 
fractions was determined by liquid scintillation spectrometry. 

lncorporation of ['4C]Ethanol into Excised Shoots 

Shoots were excised below node 6 from greenhouse-grown 
eastern cottonwood seedlings and attached to a supply of 
300 p~ ["CI- or [l-'4C]ethanol (8.1 pCi/mL) in the manner 
described above for excised leaves. These shoots were ap- 
proximately 5 mm in diameter at the base and had 
no periderm formation. The shoots were supplied with 
[''Clethanol for at least 1 h prior to the start of a 1-h pulse 
of [I4C]ethanol. Radiolabeling was followed by a 0.5- or 24- 
h chase. Three replicate shoots were labeled simultaneously 
in a glove box, through which air flow was maintained at 
450 mL/min. During the 24-h chase experiment, ethanol 
vapor and C02 were removed from the air exiting the glove 
box in the manner described above for the leaf cuvettes and 
counted. Lighting conditions were as described above for 
excised leaves, except that in the 24-h chase experiment, the 
shoots were given an 18-h photoperiod. 

At the conclusion of the experiments, leaves 2 to 6 were 
removed and the stems were divided at nodes 2 and 5 into 
lower and upper stem, and a developing tip (including leaves 
O and 1). Leaves 4 and 6 were divided into lamina and petiole 
portions. Leaves 3 and 5 were discarded. A11 samples were 
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immediately freeze-clamped, weighed frozen, and stored at 
-7OOC. Fresh weight/dry weight ratios were determined on 
separate shoots. A11 samples were homogenized using a Ten 
Broeck tissue grinder with 5 mL of ice-cold 12:5:3 (v/v/v) 
methano1:chloroform:water and were separated into water- 
and chloroform-soluble fractions (Dickson, 1979). The chlo- 
roform-soluble fractions were dried at room temperature 
under a stream of nitrogen, and then redissolved in scintil- 
lation cocktail. The insoluble pellets were then treated with 
36 units of protease (Sigma) in 2 mL of 50 mM Tris (pH 7.4) 
to solubilize the protein (Dickson, 1979). After centrifugation 
(1500g, 10 min), the pellets were then treated with 400 units 
of amyloglucosidase (Sigma) in 2 mL of 10 mM citrate (pH 
5.5) to solubilize the starch (Dickson, 1979; Huber and Israel, 
1982). The remaining insoluble pellet was combusted as 
described above, and radioactivity in a11 fractions was deter- 
mined by liquid scintillation spectrometry. For determination 
of the distribution of the incorporated label among portions 
of the shoot, the amount of radioactivity incorporated into 
leaves 3 and 5 were estimated from the means of the adjacent 
leaves. 

A subsample of the aqueous fractions from the 0.5-h chase 
experiment was assayed for unmetabolized ['4C]ethanol by 
HPLC using a Phenomenex Rezex Organic Acids column 
(300 X 7.8 mm, O micron) with a 0.1-N H3P04 mobile phase 
at a flow rate of 0.6 mL/min. The presence of radioactivity 
was determined by assaying 0.25-min fractions from the 
column using liquid scintillation spectrometry. The retention 
time of ethanol was determined by injection of a [14C]ethanol 
standard. 

Autoradiography 

Shoots were excised from greenhouse-grown eastem cot- 
tonwood below leaf node 6 and attached to a supply of 300 
I.~M ["CI- or ['4C]ethanol as described above. The shoots were 
supplied with ['2C]ethanol for at least 1 h prior to the start 
of a I-h pulse of ['4C]ethanol, which was followed by a 0.5- 
h chase. At the end of the chase, the shoots (with leaves 3 
and 5 removed) were placed in a press, brought to -7OoC, 
and lyophilized. Autoradiograms were made using Kodak X- 
Omat film and an exposure time of 10 d. 

The Pathway of Ethanol Metabolism 

P. deltoides leaves (LPI 6 )  were excised and attached to a 
['4C]ethanol (1.5 mM, 62.5 pCi/mL) supply system as de- 
scribed above. The leaves were labeled for 5 min, at which 
point the petioles were freeze-clamped and separated from 
the rest of the leaf. PPFD during the experiment was 350 
pmol m-' s-'. The petioles were ground in 3 mL of ice-cold 
12:5:3 (v/v/v) methano1:chloroform:water and partitioned as 
above into water- and chloroform-soluble fractions, protein 
and starch fractions, and a remaining pellet. Each aqueous 
fraction was passed through anion-exchange resins (Bio-Rad 
AG3-X4A, 100-200 mesh), and then cation-exchange resins 
(Bio-Rad AG50W-X8, 100-200 mesh), which were eluted 
with 1 N HN03 and N NH40H in 80% ethanol, respectively. 
The void from the cation-exchange columns were dried at 
3OoC in a vacuum oven and rinsed severa1 times with ["CI- 
ethanol to remove any unmetabolized ['4C]ethanol. 

A subsample of the anion-exchange eluate for each sample 
was loaded onto cation-exchange resins and eluted as de- 
scribed above to separate out the acidic amino acids. Organic 
acids were separated by HPLC using a Phenomenex Rezex 
Organic Acids column (300 X 7.8 mm, O micron) with a 0.1 
N H3P04 mobile phase at a flow rate of 0.6 mL/min. Radio- 
activity peaks were determined by assaying 0.25-min frac- 
tions from the column using liquid scintillation spectrometry. 
Identities of the radioactive peaks were determined by coe- 
lution with standards and confirmed by HPLC using a 0.01 
N H2S04 mobile phase at a flow rate of 0.5 mL/min, after 
remova1 of interfering phosphorylated compounds by bring- 
ing the samples to pH 5.5 and treating them with 20 units/ 
mL of acid phosphatase (Sigma) (Reckman et al., 1990). 
Changing the mobile phase not only results in changes in 
retention time, but also in the order of elution of the peaks. 

RESULTS 

lncorporation of ['4C]Ethanol into Excised 
Leaves and Shoots 

When ['4C]ethanol was supplied in the transpiration stream 
to excised leaves, more than 99% of the radioactivity re- 
covered was found to be incorporated into leaf tissue (Table 
I). The majority of the label was incorporated into vascular 
tissue; only 19% of the label reached the lamina. Virtually 
none of the label was emitted as COz by the leaves during 
the course of the experiment. Transpiration rates of the leaves 
were approximately 0.5 mL/h. In a preliminary experiment, 
we supplied ['4C]ethanol in 11 mM ethanol to excised leaves; 
75% of this label was incorporated into leaf tissue. 

When [l -'4C]ethanol was supplied in the transpiration 
stream to excised shoots, greater than 95% of the radiolabel 
recovered remained incorporated in plant tissue after both 
0.5 and 24 h of chase. Less than 0.2% of the label was emitted 
as COz during the course of either experiment. Transpiration 
rates of the shoots were approximately 1 mL/h. Again, vir- 
tually a11 of the label was incorporated into vascular tissue 
(Fig. 2). No unmetabolized ['4C]ethanol was found in subsam- 
ples of the aqueous fractions from the 0.5-h chase experi- 
ment, as determined by HPLC. Fifty-six percent of the label 
was incorporated into the stem (Fig. 2A). Most of the label 
that did reach the laminas of the individual leaves was 
incorporated into the minor veins (Fig. 2B). A small amount 

Table I. lncorporation of ['4C]ethano/ into excised leaves 
Three hundred micromolar ["Clethanol was supplied in the 

transoiration stream for at least 1 h ,  followed bv a 1-h d s e  of 
[14C]kthanol and a 1-h chase. Data are mean & SE of three replicates. 

Sample 
Percent of 

Recovered 14C 

50.4 & 3.1 Petiole 
Midrib 23.0 & 3.1 
Major veins 7.4 * 1.0 

18.5 + 3.2 Lamina 
Emitted C02 0.03 t 0.01 

0.4 & 0.2 Transpired ethanol 
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1±0.2 A 1±0.6 3± O.2

Figure 2. Incorporation of [14C]ethanol into shoots of eastern cot-
tonwood after a 1-h pulse and a 0.5-h chase. Leaves are LPI 0 to 6,
top to bottom. A, Mean and SE of percent of total incorporated 14C
for three replicate shots. B, An autoradiogram of a shoot, excluding
leaves 3 and 5. Exposure was 10 d.

of label was incorporated into the mesophyll of leaves 2 and
younger (Fig. 2B). Leaves 2 to 6 as a whole accounted for
approximately 40% of the label incorporated by the shoot
(Table II). There was no difference in the pattern of incor-
poration between the 0.5-1 and 24-h chase experiments,
except for the presence of slightly more label in leaf 2 and

Table II. Incorporation of ['"CJethanol into excised shoots
Foliage is the sum of LPI 2-6, including petioles. Calculations are

described in "Materials and Methods." Three hundred micromolar
[12C]ethanol was supplied in the transpiration stream for at least 1
h, followed by a 1-h chase of [14C]ethanol and a 0.5-h chase. Data
are mean ± SE of three replicates.

Sample Percent of
Incorporated 14C

Stem
Foliage
Tip

56.2 ±3.8
43.0 ±3.8
0.8 ± 0.2

3 ±O.6 12±2

3 ±0.6

3±0.1

Figure 3. Incorporation of [14C]ethanol into shoots of eastern cot-
tonwood after a 1-h pulse and a 24-h chase. Leaves are LPI 0 to 6,
top to bottom.

the developing tip, and slightly less label in the laminas of
the older leaves following 24 h of chase (Fig. 3).

The majority of the label in the shoot experiment was
incorporated into the water- and chloroform-soluble fractions
(Fig. 4). Some label also appeared as protein, but very little
as starch or remaining cellular debris. There were some
differences in partitioning among the metabolic pools be-
tween the 0.5-1 and the 24-h chase experiments (Fig. 4).
Following the 0.5-h chase, most of the label was fairly evenly
divided between the water- and chloroform-soluble fractions,
except in the growing tip, which had little label in the
chloroform-soluble fraction (Fig. 4A). However, after 24 h,
most of the label in the laminas of the older leaves was in
the aqueous phase, whereas most of the label in the vascular
tissues was in the chloroform-soluble phase (Fig. 4B). In
addition, after 24 h, a large proportion of the label in leaf 2
and the growing tip was in protein.

Metabolism of Ethanol

The majority of the radioactivity incorporated into petioles
after a 5-min pulse of [l-14C]ethanol appeared in the water-
soluble fraction (Fig. 5A). Small amounts of label also ap-
peared in the chloroform-soluble fraction and protein, with
very little in starch or the pellet. When the aqueous phase
was further partitioned, 41% of the total 14C incorporated
was found as organic acids, with the remainder as amino
acids and neutral sugars (Fig. 5B). The labeled organic acids
were separated by HPLC into acetate, isocitrate, a-ketoglu-
tarate, and succinate (Figs. 5B and 6). There was no apparent
incorporation of label into phosphorylated compounds,
which elute from the HPLC column between 8 and 10 min
(Fig. 6).

DISCUSSION

Acetaldehyde and ethanol have previously been found in
the transpiration stream of trees (Kimmerer and Stringer,
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Figure 4. lncorporation of [l-'4C]ethanol into biochemical fractions after a 1-h pulse and a 0.5-h (A) and a 24-h (B) chase. 
Error bars indicate the SE of three replicate shoots for each experiment. Samples are LPI 4 and 6 lamina (4L and 6L) and 
petiole (4P and 6P), LPI 2, growing tip (T), and lower and upper stem (LS and US). 

1988; Crawford and Finegan, 1989; MacDonald and Kim- 
merer, 1991). In this paper, we have presented evidence that 
virtually a11 of the ethanol supplied in the transpiration 
stream to excised leaves and shoots of eastern cottonwood 
was incorporated into plant tissue. Very little ['4C]ethanol 
was transpired and none was found unmetabolized in tissues 
after 0.5 h of chase. The leaves and stems of trees appear to 
have substantial ability to scavenge ethanol from the tran- 
spiration stream, allowing efficient recovery of ethanol pro- 
duced elsewhere by hypoxic tissues. This result differs from 
that obtained with 14-d-old sunflower (Helianthus annuus), 
in which some of the ethanol in the xylem sap was metabo- 
lized by the shoot, but some was also transpired (Jayasekera 
et al., 1990). Unfortunately, the methods used in the sun- 
flower paper do not allow absolute determination of the 
proportion of ethanol transpired. That at least some of the 
ethanol in the xylem sap of sunflower was transpired is 
probably the result of the difference in shoot ADH activities 
between the plant species. 

Most of the labeled ethanol was recovered in the vascular 
tissues, with very little reaching the mesophyll cells of the 
leaves. Incorporation of label in the vascular tissues might 
have occurred by diffusion of ethanol from the xylem vessels 
to the associated parenchyma cells, where the ethanol could 

have been metabolized. The apparent lack of label in the leaf 
mesophyll cells is not evidence for a low ability of the 
mesophyll to metabolize ethanol, but instead, probably re- 
flects the mesophyll's position as last in line to receive com- 
pounds present in the transpiration stream. Radiolabel was 
apparent at the vein endings in the autoradiogram, yet very 
little label escaped from the leaf. Therefore, the mesophyll 
may have been responsible for metabolism of some of the 
ethanol supplied in the transpiration stream. 

The pathway for ethanol metabolism in animals involves 
the conversion of ethanol to acetaldehyde by ADH, followed 
by conversion of acetaldehyde to acetate by AldDH (William- 
son and Tischler, 1979). The same pathway has been pro- 
posed for metabolism of ethanol by immature tissues in 
higher plants, but the evidence for this hypothesis has been 
circumstantial (Cossins, 1978). The acetate produced from 
ethanol metabolism can then be used to synthesize acetyl- 
COA by acetate-COA ligase (EC 6.2.1.1), and then enter 
general metabolism including the TCA cycle and lipid syn- 
thesis. Label entering the TCA cycle can be directed through 
amino acids into protein or respired as C02. Because of the 
location of the label on the C-1 position of ethanol and the 
randomization that would occur in the TCA cycle as fumar- 
ate, the label could enter gluconeogenesis as phosphoenol- 
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Figure 5. lncorporation of [l  -14C]ethanol into biochemical fractions 
of the petiole of leaf 6 after a 5-min pulse (A). The water-soluble 
fraction was further partitioned by ion-exchange chromatography 
and HPLC (B). Compounds in B are isocitrate and a-ketoglutarate, 
succinate, acetate, acidic amino acids, basic and neutral amino 
acids, and neutral sugars. Error bars are the SE of three replicate 
petioles. 

pyruvate or be lost as COZ by the action of phosphoenolpy- 
ruvate carboxykinase (EC 4.1.1.38). 

When petioles were supplied with labeled ethanol for 5 
min, we did find radiolabeled acetate. Most of the rest of the 
label was in other compounds in the aqueous fraction such 
as TCA cycle intermediates and amino acids. In the long- 
term experiments, we found radiolabel primarily in the water- 
and chloroform-soluble fractions, and in protein, in propor- 
tions depending on their location in the shoot. We have 
previously found ADH activities in the leaves and shoots of 
eastern cottonwood (Kimmerer, 1987; Kimmerer and 
Stringer, 1988). Both cytosolic and mitochondrial AldDH 
activities have been found in higher plants (Oppenheim and 
Castelfranco, 1967; Asker and Davies, 1985). These results, 
particularly the substantial presence of label in acetate, lead 
us to conclude that ethanol metabolism in the upper portions 
of trees follows the proposed pathway to acetate, with the 
exact form of label in the long term depending on the 
metabolism of the particular tissue in question. 

Some of the radiolabel in the C-1 position of ethanol 
should be lost as COz when oxaloacetate is shunted to 
gluconeogenesis or it should be respired the second time 
around the TCA cycle during the conversion of isocitrate to 

a-ketoglutarate. However, in these experiments, virtually 
none of the radiolabel from [l-'4C]ethanol was emitted as 
COz. This result was also obtained when ethanol metabolism 
was studied in pea cotyledons, where it was proposed that 
radiolabel either was being diluted into large storage pools 
of organic acids or was being directed primarily into the 
synthesis of glutamate (Cameron and Cossins, 1967). It is 
unlikely that the first hypothesis was the case for the studies 
presented here, because very little 14C02 was emitted even 
after 24 h of chase. This period of time should be long 
enough to allow for some tumover of the organic acid storage 
pool. The second hypothesis is more tenable, particularly 
because most of the label incorporated in the short-term 
experiment was found in early TCA cycle intermediates that 
are precursors to glutamate and also in amino acids. Over 
time, a fair amount of the label was incorporated into protein. 
However, it would be surprising if less than 1% found its 
way through the TCA cycle to be respired. An alternative 
explanation exists in light of recent findings that COZ dis- 
solved in the transpiration stream is efficiently fixed in the 
vascular tissues of excised leaves (Stringer and Kimmerer, 
1990). It is possible that some of the radiolabel from metab- 
olized ethanol was respired, but then refixed by photosyn- 
thesis before it could escape from the shoot. No label 
was found in phosphorylated compounds in the 5-min ex- 
periment, but label was found in neutral sugars and starch. 
Label in these compounds could only result from COz fixation 
or from gluconeogenesis. 

It is apparent that not only the leaves, but the smaller 
stems of trees have substantial ability to prevent the escape 
of ethanol from the transpiration stream into the atmosphere. 
The incorporation of ethanol by these tissues mimics the 
metabolism of lactate in animals. In vigorously exercising 
mammals, lactate produced in hypoxic muscles enters the 
bloodstream. During rest, when oxygen is plentiful, the lac- 
tate in the blood is converted back to Glc in the liver by 
gluconeogenesis. This Glc can then be respired aerobically 
(Lehninger, 1982). Therefore, despite the inherent ineffi- 
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Figure 6. A typical chromatogram of the anion-exchange eluate as 
separated by HPLC using a Phenomenex Rezex Organic Acids 
column and a mobile phase of 0.1 N H 3 P 0 4  at 0.6 mL/min. Petioles 
were labeled with [l-'4C]ethanol for 5 min. Peaks are isocitrate (A), 
a-ketoglutarate (B), succinate (C), and acetate (D). 
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ciency of lactate fermentation as  compared with aerobic 
respiration, mammals are able to maintain maximal respira- 
tory efficiency on a whole-organism basis as a result of their 
ability to recycle lactate. Similarly, it is now apparent that 
the aerobic portions of trees remetabolize ethanol produced 
in hypoxic parts of the plant, allowing full respiratory effi- 
ciency to be maintained on a whole-plant basis, as  well as  
preventing the loss of carbon to transpired ethanol. 
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