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ABSTRACI

Evolution of nitrogen oxides (NO(.), pnmarily as nitric oxide) from
soybean (Glyiri max IL.l Merr.) laves durn pwged in vivo nitrate
redutae assays had been reported; however, these reports we based
on a method that had been used for detention of NO(x) in air. Tbis
metbod also detects other N componds. Prelimnary work led us to
doubt that the evolved N was nitrc oxide;. Studies were bu ken to
identify the N compound evolved from the in vivo assay that had been
reported as NOw. Material for idetificatio was obained by cryogenic
trapping and fractional distiflatio, and by chemical tappig
Mass spectrometry, ultraviolet spectrscopy, and 15N-labeled nitrate
were used to identify the compouns evolved and to dtermine whether
these compoud were derived from nitrate. Acetaldehyde oxime was
identified as the predomant N compound evolved aod this com is
ready detected by the metbod for NO(,) determ ti S tial
quantties ofaceteldehyde oxime (16.2 micromoles per gran fresh weight
per hour) were evolved durn the in "i'o assay. Small amounts of nitrous
oxide (0.63 mcrgms N per grm fresh weight per hour) were evolved,
but this compound is not detected as NO(.). Acetaldehyde oxime and
nitrous oxide were both produced as a result of nitrate ('5NO31) reduction
during the asy.

NO(,) evolution from the in vivo NR assay involved sequentially
passing the purging gas through (a) the NR assay medium, (b) a
preoxidizer (glass beads coated with Na2Cr2OrH2SO4), and (c)
into a trapping solution containing Griess-Saltzman reagents.
The preoxidizer converts nitric oxide (NO) to nitrogen dioxide
(NO2), and NO2 reacts readily with water in the trapping solution
to form NO2- (2 NO2 + H20 ; NO2- + NO3- + 2 H+ [29]).
This NO2- then reacts with the Griess-Saltzman reagents to form
an azo chromophore, which is determined spectrophotometri-
cally. Because only trace amounts of NO2- were detected in the
trapping solution when the gas stream from the in vivo NR assay
was not passed through the preoxidizer, it was inferred that NO
was the predominant product (12).
Our preliminary studies of the volatile nitrogenous products

ofthe in vivo NR assay confirmed Harper's observation (12) that
substantial amounts of a compound detectable by the preoxi-
dizer/Griess-Saltzman method were evolved from the +NO3- in
vivo NR assay of young soybean leaves (cv Williams). However,
our results did not support the inference that NO was the
compound evolved. The objectives of this work were to (a)
identify the nitrogen compound(s) evolved during the in vivo
NR assay of young soybean leaves and detected by the preoxi-
dizer/Griess-Saltzman procedure, (b) determine whether this
compound(s) was derived from NO3- using '5N, and (c) estimate
the amount of this compound(s) evolved during the purged in
vivo NR assay (anaerobic).

Various adaptations of the in vivo NR2 assay have been used
by plant scientists to estimate NR activity in plant parts, to study
the factors affecting NO3- reduction in plant tissue, and to study
the interaction ofNO3- reduction with other physiological proc-
esses (e.g., 6, 10). The reliability of the in vivo procedure for
estimating in situ NR activity depends in part on a stoichiometric
relationship between NO3- reduction and NO2- accumulation
during the assay. Harper and co-workers (12, 22, 26) have
reported production ofnitrogen oxides (NO(x)) during gas purging
of the in vivo NR assay of soybean (Glycine max [L.] cv Wells
and cv Williams) leafsections. It was also reported that the NO(.)
evolved was derived from NO2- (12, 26), although a stoichio-
metric relationship was not found. Evolution of NO(.) was de-
tected whether the assay was purged with N2, Ar, air, or 02, with
the highest rates occurring under anaerobic conditions (12). In
addition, it was shown that NO(.) evolution was associated with
a constitutive NR activity in young soybean leaf sections (22,
26). The procedure used by Harper and co-workers to measure
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2Abbreviations and symbols: NR, nitrate reductase; NO(.), nitrogen
oxides (refers to nitric oxide [NO] and nitrogen dioxide [NO2], collec-
tively); DAP, days after planting; N20, nitrous oxide; m/z, mass to charge
ratio; MI, molecular ion; bp, boiling point.

MATERIALS AND METHODS

Plant Material. Soybean seeds (Glycine max [L.] Merr. cv
Williams) were germinated at 26C in the dark on sterile paper
towels moistened with deionized H20. At 5 DAP, the etiolated
seedlings were transferred to 2-L pots (containing 2 mm CaSO4)
in growth chambers, and were provided with 14 h/28C light
periods and 10 h/19°C dark periods. The light intensity was 600
tE. m-2-s- supplied by incandescent and cool-white fluorescent
lamps. At 6 DAP, the CaSO4 solution was replaced with a
modified Hoagland nutrient solution (macronutrients: 5 mM
Ca(NO3)2, 5 mM KNO3, 1 mM K2HPO4-KH2PO4 [pH 6.5],2 mM
MgS04; micronutrients: 50 ;tM KCI, 35 Mm Fe as sodium ferric
diethylenetriamine pentaacetate, 25 Mm H3BO3, 5 ;tM MnSO4, 2
Mm ZnSO4, 0.5 Mm CuSOt, 15 nM (NH4Mo7O24). The rooting
media were aerated continuously and the nutrient solutions were
changed at 9 and 14 DAP. At 10 DAP, the unifoliolate leaves
had just reached full expansion and were harvested 4 h after the
onset ofillumination, when NR activity was maximal. Harvested
leaves were stored in plastic bags and held on ice (dark, no longer
than 30 min) prior to the in vivo NR assay. The first trifoliolate
leaves were similarly harvested 15 DAP.
For '5N studies, the plants were grown as described above,

except that at 13 DAP the plants were transferred to low nitrate
nutrient solution to reduce tissue NO3- levels, yet permit induc-
tion and maintenance ofNR (macronutrients: 7 mm urea, 1 mM
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KNO3, 5 mM CaC12, 2.5 mm K2S04, I mM K2HPO4-KH2PO4
[pH 6.5], 2 mm MgSO4; micronutrients as above). The nutrient
solution pH was maintained at approximately 6.5. The first
trifoliolate leaves were harvested 15 DAP and stored as described
above prior to the in vivo NR assay.
+ 5NO3- In Vivo NR Assay. Leaf discs (2 g fresh weight, 1-

cm diameter) were placed in a 500-ml flask containing 130 ml
of buffer (0.1 M K2HPO4-KH2PO4, pH 7.5; 50 mm KNO3 en-
riched with 65.6 atom % '5N; flask covered with aluminum foil
and held at 0C) and were vacuum-infiltrated twice (10 mm Hg,
2 min each time). The flask was placed in a closed gas exchange
system (see Fig. 1) and the atmosphere in the system was replaced
by N2 (at atmospheric pressure) via 10 evacuation-N2 flushing
cycles (12 min total time). The gas exchange system was then
isolated from the Nrvacuum manifold (by closing stopcock 1),
the flask was placed in a 30C bath, and the system atmosphere
was circulated at 400 ml-min-'. After I h, the gas sample tube
was isolated and removed for determination of '5N-labeled N20,
N2, and NO (N2 was chosen for the background anaerobic
atmosphere because the mass spectrometer ion pumps do not
satisfactorily pump any of the noble gases). The leaf discs and
assay medium were immediately frozen at -80C and stored at
-10C for further analyses.

Determination of I5N-Labeled N20, N2, and NO. Mass spectra
and isotope-ratios were obtained using a Nuclide model-3-6
RMS dual-inlet isotope-ratio magnetic sector mass spectrometer
equipped with dual collectors, an electron impact ion source,
and an integrating ratiometer. Determinations of '5N-labeled
N20 and N2 were performed by the methods of Siegel et al. (28)
and Mulvaney and Kurtz (20). Nitric oxide was separated from
N20, C02, and H20 by freezing the gas sample tube at -160°C
(to condense N20,CO2, and H20), reduced to N2 with a reduced
Cu column (described by Mulvaney and Kurtz [20]) at 250C,
and determined as '3N2.

Procedures for Collecti N Compounds. For each collecfion
of compounds evolved from the +NO3 in vivo NR assay, leaf
discs (3 g fresh weight, 1-cm diameter) were placed in 150 ml of
buffer (0.1 M K2HPO4-KH2PO4, pH 7.5; 50 mM KNO3; held in
the dark at 0C) and vacuum-infiltrated as described previously.
The leaf discs plus buffer were then transferred to a 500-ml gas
washing bottle covered with aluminum foil in a 30°C bath, and

He was bubbled through the assay medium (250 ml-min-'). The
exiting gas stream was passed sequentially through (a) vacuum
trap A (Pyrex 7729, held at -80°C to remove the bulk of the
water), (b) vacuum trap B (Pyrex 7728 fitted with 1- to 3-mm-
high vacuum stopcocks [Ace,Glass, Inc.] at the top and side
tubulations, held at -196C to concentrate the volatile N com-
pounds for identification), and (c) a rotameter flowmeter (Union
Carbide model 201-4334). Preliminary tests showed that for these
conditions, approximately half of the N evolved (as determined
by the preoxidizer/Griess-Saltzman method [121) was retained
in each trap. Compounds evolved from the assay were collected
for 1 h before removing vacuum trap B (at - 196C) from the
system. High vacuum techniques were used to (a) remove resid-
ual He, (b) combine trap B material from five separate collections
to obtain sufficient material for identification, (c) separate the
bulked material by fractional distillation into four fractions
(fraction I, components volatile from -120 to - 196C; fraction
II, from -98 to -120C; fraction III, from -78 to -98°C; fraction
IV, above -78C), and (d) dissolve fraction IV in water for
characterization. Samples were protected from light during trap-
ping and manipulation. To determine which fraction(s) con-
tained N compounds detectable by the preoxidizer/GriessSaltz-
man system, each fraction was thawed and swept into this system
via a He carrier stream.
The N compound evolved during the in vivo NR assay of

soybean leaves and detectable by the preoxidizer/Griess-Saltz-
man method (12) isomerized during sample manipulation (see
"Results and Discussion"). All attempts to prevent this isomeri-
zation during cryogenic trapping and fractional distillation ofthe
contents of vacuum trap B failed. To trap the N compound yet
minimize isomerization, vacuum trap B was removed from the
system and the gas stream was bubbled through a gas dispersion
tube into trap C (0.1 mM K2HPO4-KH2PO4, pH 7.5; 15 ml in a
25- x 150-mm test tube), held at -10°C. After 1 h of collection,
the trap C tube and contents were immediately frozen at -80°C
and stored at -10C prior to subsequent analyses.

Procedures for Identification. Mass spectra of fractions I
through IV were obtained using the mass spectrometer described
above. Because fractions I and IV were simple mixtures (two and
three components, respectively), qualitative analyses were per-
formed by spectrum stripping (11) and by plotting the mass
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FIG. 1. Diagrammatic sketch of closed circulating gas exchange system used for determination of '5N-labeled NO, N20, and N2 produced during
the +'5NO3j in vivo NR assay of young soybean leaf discs The system atmosphere was ciulated at 400 ml-min-' using a Cole-Parmer model
K-7530-25 diaphragm pump (stopcock I closed). @ = 1- to 3-mm-high vacuum stopcocks (Ace Glss, Inc.).
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spectra obtained using varying ionization potentials (12-70 ev)
and sample pressures (10-' to 5 x 10- Torr) (3). UV-visible
absorption spectra ofaqueous solutions of fraction IV and ofthe
N compound(s) in phosphate buffer (from trap C) were obtained
using a Beckman model UV 5230 UV-visible spectrophotometer.
The wavelengths of the absorbance maxima were somewhat
concentration dependent, particularly for low concentrations of
analyte. For comparison of UV-visible spectra of preparations
obtained from the in vivo NR assay with solutions of standard
compounds, the solutions were adjusted (with appropriate sol-
vent) to similar absorbances at the wavelength of interest

EStimatiOn of Acetaldehyde Oxime Production. Acetaldehyde
oxime (CH3CH:NOH) evolved during the He-purged +NO3- in
vivo NR assay was cryogenically trapped in vacuum traps A and
B by the procedure described previously for collection ofevolved
compounds (3 g fresh weight of leaf discs; 150 ml of 0.1 M

K2HPO4-KH2PO4, pH 7.5; 50 mm KNO3; dark at 30C; He flow
rate 250 ml- min-'). After 1 h of collection, traps A and B were
isolated, cooled at - 196C, the He headspace was pumped away,
and the traps were incubated at 22C for 1 week to ensure
complete rearrangement of the oxime to acetamide
[CH3(CO)NH2] (see "Results and Discussion"). The contents of
both traps were transferred quantitatively with three 15-ml ali-
quots ofwater to a 100-ml volumetric flask, the resulting solution
was diluted to volume, and acetamide assays were performed.
Because acetamide (bp 221.2C at 760 mm Hg) is less volatile
than acetaldehyde oxime (bp 115C at 760 mm Hg) (9), the
amide is preferred for quantitative analyses in the liquid phase.
After cryogenic collection ofthe evolved compounds, the in vivo
assay medium and leaf discs were frozen (-80C) and thawed
three times (to increase permeability of the leaf material), and
acetaldehyde oxime content was determined.

Assays. Acetaldehyde oxime was determined (a) as free
NH2OH by the 8-hydroxyquinoline method (18) after hydrolysis
under mildly acidic conditions (35), and/or (b) it was determined
as free NH20H by the method of Hucklesby and Hageman (14)
after mildly alkaline hydrolysis (13). Acetamide-N was hydro-
lyzed to NH4' using the following procedure. A 1-ml aliquot
(containing up to 0.4 jumol CH3(CO)NH2) in a 25- x 150-mm
tube was acidified with 1 ml of 5 N H2SO4. The tube was capped
with a small glass funnel and glass marble, and was heated in a
water bath at 95C for 1 h. The tube contents were cooled and
neutralized by the addition of 2 ml of 2.5 N NaOH, and the NH3
produced was determined by the indophenol blue method (15).

'5N Enrichment of j'5NjAcetaldehyde Oxime. The medium
from the +"'NO3- in vivo NR assay was thawed, placed in a 500-
ml gas washing bottle, purged with He for 30 min (250 ml.
min-'), and the oxime was trapped cryogenically (vacuum trap
B) as described previously. The contents of vacuum trap B were
separated by fractional distillation as described previously. Ap-
proximately 1 mm Hg ofCO2 was added to fraction IV (contain-
ing the oxime) and the mixture was incubated at 22C for 1 week
to ensure complete rearrangement of the oxime to the amide.
The '"N abundance of the amide was determined from the
intensities of the peaks at m/z 59, 60, and 61 in mass spectra
obtained from this preparation, after removal of CO2 (7). The
amide is preferred over the oxime for direct isotopic abundance
determination because the amide produces a more intense mo-
lecular ion peak.

RESULTS AND DISCUSSION
Production of '5N-Labeled NO, N20, and N2. Nitric oxide was

not detected by MS in gas samples obtained from the +"IN03
in vivo NR assay. Nitric oxide produces molecular ion peaks at
m/z 30, 31, and 32 (corresponding to ions '4N'60+, "5N'60+, and
'4N'8O+) in the mass spectrometer. Harper and co-workers had
reported that NO(X) evolved from the in vivo NR assay was

derived from NO2- (12, 26), therefore '"NO3- was used for this
work because m/z 31 is the best peak for identification of NO
by low resolution MS when N2 is the background atmosphere
(N2 will produce a significant signal at m/z 30 due to natural
abundance "N"N'). No signal at m/z 31 was detected in mass
spectra obtained, and isotope-ratio analyses confirmed that no
detectable "NO was produced during the in vivo assay (Table I).
The closed circulating gas exchange system employed, the assay
conditions selected, and the plant material used were chosen to
maximize NO production and enhance its accumulation in the
gas phase during the in vivo assay. The detection limit for this
system of 1.93 jgNO-N compares favorably with NO(X) evolution
rates reported ofabout 100 ug Ng-' fresh weightthr' for similar
tissue and assay conditions (12). These results do not exclude the
possibility that a trace amount ofNO derived from unlabeled N
compounds was produced during the assay; however, attempts
to separate the components of the sample contributing to m/z
30 (and volatile at -160C) via fractional distillation (using high
efficiency traps cooled to -196C) indicated that NO was not
present in detectable quantities.

Additional evidence supporting the conclusion that the com-
pound evolved from the in vivo NR assay and detected by the
preoxidizer/Griess-Saltzman method (12) is not NO was ob-
tained from preliminary work involving chemical trapping stud-
ies (1 N KOH:O. 1 M KMnO4 solutions), which showed that the
compound(s) evolved was not detected by the method ofTedesco
and Keeney (34) for determination of NO + NO2. Significant
evolution of NO(x) (primarily as NO) was reported when the
assay medium was purged with air or 02 (12). However, NO is
rapidly oxidized by 02 to NO2 (29), and the finding that the
compound(s) evolved from the in vivo NR assay of soybean
leaves is not NO is in agreement with several studies in the
literature which show that biological and chemical systems
known to evolve NO under anaerobic conditions are not found
to evolve this gas under aerobic conditions (e.g. 1, 21).

Small amounts of '"N20 derived from 'NO3- were evolved
from soybean leaves during the +I"NO- in vivo NR assay (Table
I), however the amount produced was less than 1% ofthe amount
ofNO2--N accumulated in the assay medium, thus N20 produc-
tion resulting from NO3- reduction in the in vivo assay does not
significantly influence the estimates of NO3- reduction from
N02- accumulation in the assay. Tests using high purity N20
(NO(x) < 1 l-1-'; 200 ml-min-' for 30 min) showed that this
compound is not detected by the preoxidizer/Griess-Saltzman
method, therefore N20 cannot be responsible for the results
reported by Harper and co-workers (12, 22, 26). However, it can
be inferred that the compound(s) detected by the preoxidizer/
Griess-Saltzman method is an N compound because one of the
N atoms in the azo chromophore is derived from the evolved
compound (see 15). The preoxidizer (Na2Cr2OrH2SO4 coated
on glass beads) is known to oxidize a variety of organic com-

Table I. Amounts of 'IN-Labeled No, N20, and N2 Evolvedfrom the
+"INO3- In Vivo NR Assay ofSoybean LeafDiscs

The closed circulating gas exchange system (Fig. 1) was used. N20 and
N2 were determined from isotope-ratio analyses (20, 28). NO was reduced
to N2 (in a reduced Cu column, 250C) and determined as N2.
Compound Amount Evolved Detection Limit CV' IXNb

AgN.g'jgfresh wt.h'hgN
NO 0 1.93 1.3
N20 0.63 0.33 1.5 51.8
N2 0 1.93 1.2

a CV, coefficient of variation.
b I5XN, average mol fraction of "5N, expressed as atom %.
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pounds (17), and is not a specific oxidizing agent for NO.
Production of '5N2 was not detected (Table I).

Identification of the N Compounds. Of the four fractions
produced by fractional distillation of the bulked material (cry-
ogenically trapped in vacuum trap B) from the +NO3 in vivo
NR assay, only fractions I and IV contained detectable com-
pounds. The contents of fractions II and III exerted pressures
less than 1 mTorr (22C, 60 ml volume), and the components of
these fractions were not detected by MS or by the preoxidizer/
Griess-Saltzman method. Therefore, these fractions were dis-
carded. Figure 2 shows the mass spectrum obtained from fraction
I. CO2 was the primary component of this fraction, as evidenced
by the intense peaks at m/z 44, 28, 16, and 12 (corresponding
to ions CO2', CO', O+, and C'). Nitrous oxide was a minor
component of this fraction as indicated by the additional peaks
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FIG. 2. Mass spectrum of fraction I. Fraction I was obtained by
fractional distillation of the material retained in vacuum trap B and
contained those compounds volatile from -120 to - 196C. (Ionization
potential, 70 ev; acceleration potential, 3.0 kv; ion source and inlet at
ambient temperature.)

Table II. Calculated Mass Spectrafor C02 and N20from the Mass
Spectrum ofFraction I

Experimental conditions are the same as for Figure 2.

Co2b N20c
m/:e

RId Ions RId Ions

12 2.7 '2C+
14 3.8 ('4N'4N)2+, '4N+
16 6.1 '60+ 5.2 '60+
22 0.9 ('2C'6016O)2+
28 11.0 12C160+ 10.8 14N'4N+
29 0.1 '3C'60+
30 31.1 14N160+
44 100.0 '2C'60'6o+ 100.0 '4N'4N'6O+
45 1.1 13C'60160+ 12C160170+ 0.9 '4N'5N'60+, '4N14N'70+
46 0.3 '2C"60'8O+ 0.2 '4N'4N'8O+
a m/z, mass to charge ratio.
b Calculated contribution ofCO2 to the mass spectrum of the mixture

based upon spectra obtained using authentic CO2.
I Contribution ofN20 obtained by subtraction ofthe CO2 contribution

from the spectrum of the mixture.
d RI, relative intensity (expressed as a percentage of the m/z 44 peak).

at m/z 30 and 14 (corresponding to ions NO' and N+), and by
the C, N, and 0 isotopic abundances calculated for the molecular
ions at m/z 44, 45, and 46. Subtraction of the CO2 contribution
from the mass spectrum of fraction I resulted in a spectrum
consistent with that obtained for authentic N20 using this instru-
ment and operating conditions (Table II). These results are in
agreement with the finding that a small amount of N20 was
evolved from the +'5NO3 in vivo NR assay (Table I). Fraction
I did not contain compounds detectable by the preoxidizer/
Griess-Saltzman method.

Production of N20 from NO3- by a wide variety of microor-
ganisms, including many dissimilatory nitrate-reducing bacteria
(25) and several assimilatory nitrate-reducing fungi and bacteria
(4), has been demonstrated. A review of the literature revealed
only one report of N20 production by higher plants (4). Bleakley
and Tiedje (4) observed N20 production by excised shoots of a
number of plant species; however, these workers suggested that
N20 production was from microbial sources in the plant material
because N20 production was observed only after long incuba-
tions (6-10 h), and because production was inhibited by chlor-
amphenicol. The possibility that microorganisms in the soybean
leaves were responsible for the observed N20 production reported
here cannot be completely discounted; however, these studies
were performed using short incubation times (1 h) and fresh
soybean leaves with no visible indications of microbial growth.
Bleakley and Tiedje (4) did not detect N20 production from
spinach leaves vacuum-infiltrated with unbuffered 5 mm KNO3;
however, considerably less plant material was used than in the
work reported here. It would be expected that NO3- reduction
by the material used (4) was minimal (the spinach used was
obtained from local markets and stored, whereas NR activity
declines rapidly during storage [10]; K-phosphate buffer [pH 7.5]
and 50-200 mm NO3- are generally employed for optimal NR
activity in higher plants [10]).

Fraction IV (compounds volatile above -78C) contained the
N compound(s) detected by the preoxidizer/Griess-Saltzman
method. The finding that the compound(s) evolved is markedly
less volatile at cryogenic temperatures than NO (see 5) is further
evidence that the compound detected by Harper and co-workers
(12, 22, 26) is not NO. Examination of fraction IV preparations
by MS showed that this fraction contained three compounds:
H20 and two organic compounds, each having a mol wt of 59
amu. A series of analyses over time by the preoxidizer/Griess-
Saltzman method and by MS of aliquots of fraction IV prepa-
rations (incubated at 22C for up to 1 week prior to fractional
distillation) showed that one of the organic compounds was
produced in the preparation at the expense of the N compound
initially detected by the preoxidizer/Griess-Saltzman method.
These findings indicate that the N compound evolved from the
in vivo NR assay isomerized during sample manipulation. The
isomerization of the compound initially evolved was complete
in less than I week of incubation at 22C. The mass spectrum of
the isomerization product (Fig. 3) is characteristic of that ob-
tained for authentic acetamide using this instrument and oper-
ating conditions (peaks 16 through 20 are omitted from Fig. 3
because the fraction contained a substantial amount of H20).
The peaks at m/z 15, 28, 44, and 59 indicate the principal ions
produced are CH3', CO, CONH2', and CH3CONH2'. Further
support for identification of the isomerization product as aceta-
mide is given in Figure 4, which shows the UV absorption
characteristics of the isomerization product and authentic acet-
amide (aqueous solutions) are identical. Ammonium was pro-
duced when the isomerization product was subjected to acidic
hydrolysis. Tests using 1 M acetamide solution (30C) purged
with He showed that this compound yields only trace responses
in the preoxidizer/Griess-Saltzman system.
The finding that acetamide is the isomerization product of the
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FIG. 3. Mass spectrum of fraction IV. Fraction
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evidence that the compound evolved from the in vivo NR assay
is acetaldehyde oxime is provided in Figure 5, which shows the
N compound evolved and retained in trap C (under conditions
expected to minimize further reactions of the compound) had
UV absorption characteristics identical to those of authentic
acetaldehyde oxime (in phosphate buffer). Moreover, NH20H
was produced when the compound (from trap C) was subjected
to hydrolytic conditions, and this is a characteristic of oximes
(32). Hydroxylamine was detected by two procedures (14, 18). A
mean molar absorptivity at 196 nm (E,96) of 5010 M-l -cm-' was
calculated from the acetaldehyde oxime content and AI% of the
solution from trap C, and is similar to molar absorptivity values
reported in the literature for acetaldehyde oxime (9). Tests using
0.5 mM to 0.1 M acetaldehyde oxime solutions (30°C; in 0.1 M

90, K2HPO4-KH2PO4, pH 7.5) purged with He showed that thisM compound is readily detected by the preoxidizer/Griess-Saltz-
man method, and yields only trace responses when the preoxi-

. . . - dizer is omitted.
5'0 60 The Beckmann rearrangement ofoximes to amides is generallycatalyzed by acidic agents (8, 30). Mixtures of CO2 and small

amounts of H20 were found to greatly promote rearrangement
IV was obtained by of authentic acetaldehyde oxime to acetamide in the apparatus
vacuum trap B and used for cryogenic trapping and fractional distillation. Significant
volatile compounds quantities ofCO2 were trapped along with the oxime in vacuum
distillation. Peaks at trap B during the in vivo NR assay, and it seems very likely that
resent in fraction IV. this CO2 (presumably via H2CO3) was responsible for the rapid
2.4 kv; ion source, isomerization of the N compound during sample manipulation.

Estimation of Acetaldehyde Oxime Production. Substantial
quantities of acetaldehyde oxime were produced during the He-
purged in vivo NR assay (Table III). The rate of(CH3CH:NOH)-

z

200 240 280 320

WAVELENGTH (nm)
FIG. 4. UV absorption spectra of authentic acetamide -(- -) in H20

and of fraction IV (-) in H20. Other details as in Figure 3 and
"Materials and Methods."

N compound evolved from the in vivo NR assay and detected
by the preoxidizer/Griess-Saltzman method indicates the molec-
ular formula of the compound evolved is C2H5NO. A number
of compound classes, most notably oximes, nitrones, and oxa-
ziridines, undergo rearrangement reactions to produce amides
(2, 27, 30-32); however, of the possible structures with the
formula C2H5NO, only CH3CH:NOH (acetaldehyde oxime) un-
dergoes reaffangement to CH3(CO)NH2 (see 8, 30). Further

WAVELENGTH (nm)
FIG. 5. UV absorption spectra of: (a) the volatile compound produced

during the in vivo NR assay and retained in trap C (0.1 M K2HP04-
KH2PO4, pH 7.5); (b) authentic acetaldehyde oxime in 0.1 M K2HPO4-
KH2PO4 (pH 7.5); and (c) authentic acetamide in 0.1 M K2HP04-KH2PO4
(pH 7.5).

28

44

..I-.11 Is . Ii ILi

[0.5 A Units

Acetaeml
a

(c) ACETAMIDE

I i

I '--*1 I I

--- - - - . .II IIIII

122 Plant Physiol. Vol. 76, 1984



ACETALDEHYDE OXIME PRODUCTION BY SOYBEAN LEAVES

Table III. Production ofAcetaldehyde Oxime by Soybean LeafDiscs
during the He-Purged + N03- In Vivo NR Assay

The in vivo assay medium and leaf discs from fully expanded unifo-
liolate leaves were purged with He (250 ml min-'). The acetaldehyde
oxime evolved was trapped in vacuum traps A and B (held at -80'C and
- 196°C, respectively) for 1 h. Acetaldehyde oxime remaining in the leaf
material and assay medium was also estimated.

Component CH3CH:NOH Produced'

Mmol.gM'
fresh wt-h-'

Vacuum traps A + B 16.2 ± 1.Ob
Remainder in leaf discs + medium 6.7 ± 0.3c

'Values reported as the mean (of three replicates) ± SD.
b The contents of vacuum traps A and B were incubated at 22°C for I

week to ensure complete isomerization ofthe oxime to acetamide, which
was determined as described in "Materials and Methods."

'Leaf discs plus medium were frozen (-80°C) and thawed three times
to increase permeability of the leaf material. Acetaldehyde oxime was
determined as free NH2OH (18) after mildly acidic hydrolysis (35).

N evolution observed is higher (by almost 1.4 times) than the
NO(,)-N evolution rates reported by Harper (12) and Nelson et
al. (22) for unifoliolate leaf sections of two soybean cultivars
(Wells and Williams) under similar assay conditions. Because
these workers did not employ a correction factor for conversion
of NO(X) to NO2- in their preoxidizer/Griess-Saltzman system,
the reported rates of NO(x) evolution would be underestimates.
It is very likely that variations in plant material, bubbler design,
temperature, flow rate of the purging gas, and other operating
conditions will have substantial effects on the evolution rates
obtained. It is noteworthy that the amount of of the oxime
produced is roughly comparable to, or greater than, the amount
of NO2- accumulated in the medium during the in vivo assay
(see 12). Product removal (of oxime) by purging the assay me-
dium would be expected to increase acetaldehyde oxime produc-
tion.

Production of Acetaldehyde Oxime during Nitrate Reduction.
('5N]Acetaldehyde oxime purged from the +'5NO3 in vivo NR
assay medium, trapped cryogenically, and rearranged to [15N]
acetamide using CO2 was found to be enriched with 43.4 atom
% 15N (SD = 2.2), which demonstrates that the oximino N was
derived from NO3-. Several early studies reported oxime pro-
duction from NO2- during nitrate assimilation and oximino N
incorporation into protein by several bacteria, fungi, and higher
plants (16, 33). An organic pathway of nitrate assimilation via
NH20H and oximes was hypothesized (33). During the early
1 960s, support for this organic assimilation pathway diminished
because enzyme preparations active in oximino acid reduction
to amino acids were not obtained, and because observed incor-
poration rates for oximino N into amino acids and proteins were
significantly lower than those obtained from the inorganic nitrate
assimilation pathway (via NH3). Because NH20H condenses
readily with carbonyl groups to produce oximes, Virtanen (36)
proposed that oximes function as trapping agents that prevent
NH20H accumulation when the assimilation pathway is not
functioning optimally. During the 1950s and 1960s, enzyme
preparations from higher plants and a Scenedesmus sp. which
transferred oximino groups from donor oximes to acceptor car-
bonyl compounds (transoximases) were described (24, 37); how-
ever, no recent work regarding these enzymes appears in the
literature. It has been reported (23) that when acetaldehyde was
added as the acceptor carbonyl, acetaldehyde oxime was synthe-
sized by nonspecific animal transoximase preparations. We are
aware of no reports of acetaldehyde oxime production by plant
materials. More recently, aldoximes have been shown to be
intermediates in the conversion of amino acids to nitriles, cyan-

ogenic glucosides, nitro compounds, and glucosinolates (19). It
is reasonable that the accumulation of glycolytic products and
N02- associated with anaerobic conditions would promote ac-
etaldehyde oxime production during the He-purged in vivo NR
assay. This is supported by Harper's finding (12) that NO(x)
production was 2- to 3-fold lower when the assay was purged
with air than with N2. However, we did not measure acetaldehyde
oxime production under aerobic conditions.

Preliminary Work Using Maize. Studies of the volatile prod-
ucts of the +N03- in vivo NR assay of maize [Zea mays L.
hybrids B73 x Mol7, Pioneer 3382, and FS854] leaves indicate
that evolution of N compounds during the assay, as determined
by the preoxidizer/Griess-Saltzman method (12), is low (mean
rates ranging from 0.10 to 0.16 gg Ng-' fresh weight.30 min-'
as a function of genotype) compared with soybean. Attempts to
identify the N compound(s) evolved by MS using collection and
fractional distillation procedures developed using soybean leaves
were unsuccessful because fraction IV preparations obtained
from maize leaves were more complex than those obtained from
soybean. Work is in progress to further separate these mixtures
by GC for subsequent characterization by MS.

Conclusion. Acetaldehyde oxime and N20 were identified as
two new products of nitrate reduction and assimilation during
the dark anaerobic +N03- in vivo NR assay of young soybean
leaves. Attempts to confirm production ofNO during the assay
by MS failed; however, rates of acetaldehyde oxime production
observed (Table III) and the reactions of the oxime in the
preoxidizer/Griess-Saltzman system would account for the NO(.)
evolution rates reported by Harper and co-workers (12, 22). The
possibility cannot be completely discounted that other N com-
pounds detectable by the preoxidizer/Griess-Saltzman method
are evolved during the in vivo NR assay of soybean leaves.
However, comparison of the acetaldehyde oxime evolution rates
obtained (Table III) with (a) rates obtained using the preoxidizer/
Griess-Saltzman method (12, 22) and (b) rates obtained in pre-
liminary chemical trapping studies (total N content of the trap-
ping solutions was determined) indicate that acetaldehyde oxime
is the predominant N product, and that evolution rates of other
N compounds, if produced, would be low. Because acetaldehyde
oxime-N is derived from nitrate, the magnitude of production of
the oxime during the in vivo assay clearly demonstrates that NR
activities determined from N02- accumulation in the in vivo
assay of young soybean leaves will be low, particularly if the
assay medium is purged (as also noted by Harper [ 12] from NO(,)
assays). Nitrous oxide production does not apparently signifi-
cantly influence the accuracy ofthe in vivo NR assay for soybean.
Conversely, evolution of N compounds detected by the preoxi-
dizer/Griess-Saltzman method (12) during the +NO3- in vivo
NR assay of maize leaves is low and does not significantly affect
the reliability ofthe assay. The magnitude ofacetaldehyde oxime
production during the in vivo NR assay of soybean leaves and
the finding by Harper and co-workers (22, 26) that production
of this compound is associated with a constitutive NR activity
suggests that the role of acetaldehyde oxime in nitrate assimila-
tion by soybean warrants clarification.

Acknowledgments-The authors would like to express their thanks to L. T.
Kurtz and R. L. Mulvaney for the use of their mass spectrometer, and to J. W.
Stucki for the use of his UV-visible spectrophotometer. Maize leaves were obtained
through the courtesies of Elaine Cowan and Fred Below.

LITERATURE CITED

1. ALLISON FE 1963 Losses of gaseous nitrogen from soils by chemical mecha-
nisms involving nitrous acid and nitrites. Soil Sci 96: 404-409

2. BECKWITH AU 1970 Synthesis of amides. In J Zabicky, ed, The Chemistry of
Amides. Interscience Publishers, London, pp 73-185

3. BEYNON JH 1960 Mass Spectrometry and Its Applications to Organic Chem-
istry. Elsevier Publishing Co., Amsterdam

123



MULVANEY AND HAGEMAN

4. BLEAKLEY BH, JM TIEDJE 1982 Nitrous oxide production by organisms other
than nitrifiers or denitrifiers. Appl Environ Microbiol 44: 1342-1348

5. BRAKER W, AL MOSSMAN 1980 Matheson Gas Data Book, Ed 6. Matheson,
Lyndhurst, NJ

6. CANVIN DT, CA ATKINS 1974 Nitrate, nitrite and ammonia assimilation by
leaves: effect of light, carbon dioxide, and oxygen. Planta 1 16: 207-224

7. CAPRIOLI RM 1972 Use of stable isotopes. In GR Waller, ed, Biochemical
Applications of Mass Spectrometry. Wiley-Interscience, New York, pp 735-
776

8. DONARUMA LG, WZ HELDT 1960 The Beckmann rearrangement. Organic
Reactions I 1: 1-156

9. GRASSELLI JG, WM RITCHEY 1975 CRC Atlas of Spectral Data and Physical
Constants for Organic Compounds, Ed 2, Vol 2. CRC Press, Cleveland

10. HAGEMAN RH, AJ REED 1980 Nitrate reductase from higher plants. Methods
Enzymol 69: 270-280

11. HAMMING MC, NG FOSTER 1972 Interpretation of Mass Spectra of Organic
Compounds. Academic Press, New York

12. HARPER JE 1981 Evolution of nitrogen oxides during in vivo nitrate reductase
assay ofsoybean leaves. Plant Physiol 68: 1488-1493

13. HEWITr EJ, DJD NICHOLAS 1964 Enzymes of inorganic nitrogen metabolism.
In HF Linskens, BD Sanwal, MV Tracey, eds, Modern Methods of Plant
Analysis, Vol 7. Springer-Verlag, Berlin, pp 67-172

14. HUCKLESBY DP, RH HAGEMAN 1976 Hydroxylamine reductase enzymes from
maize scutellum and their relationship to nitrite reductase. Plant Physiol 57:
693-698

15. KEENEY DR, DW NELSON 1982 Nitrogen-inorganic forms. In AL Page, RH
Miller, DR Keeney, eds, Methods of Soil Analysis, Part 2, Ed 2. American
Society of Agronomy, Madison, pp 643-698

16. KRETOVICH WL 1965 Some problems of amino acid and amide biosynthesis
in plants. Annu Rev Plant Physiol 16: 141-154

17. LEE DG 1980 The Oxidation of Organic Compounds by Permanganate Ion
and Hexavalent Chromium. Open Court Publishing Co., LaSalle, IL

18. MAGEE WE, RH BURRIS 1954 Fixation of N2 and utilization of combined
nitrogen by Nosfoc muscorum. Am J Bot 41: 777-782

19. MAHADEVAN S 1973 Role of oximes in nitrogen metabolism in plants. Annu
Rev Plant Physiol 24: 69-88

20. MULVANEY RL, LT KURTZ 1982 A new method for determination of 'IN-
labeled nitrous oxide. Soil Sci Soc Am J 46: 1178-1184

21. NELSON DW, JM BREMNER 1970 Gaseous products of nitrite decomposition

in soils. Soil Biol Biochem 2: 203-215
22. NELSON RS, SA RYAN, JE HARPER 1983 Soybean mutants lacking constitutive

nitrate reductase activity. I. Selection and initial plant characterization. Plant
Physiol 72: 503-509

23. OMURA H, M TSuTSuMI, S HATANO 1967 Spectrophotometric estimation of
transoximase. Enzymologia 33: 139-152

24. OMURA H, M TSuTuMI 1968 Distribution of transoximase. Enzymologia 34:
187-197

25. PAYNE WJ 1973 Reduction ofnitrogenous oxidesby microorganisms. Bacteriol
Rev 37: 409-452

26. RYAN SA, RS NELSON, JE HARPER 1983 Soybean mutants lacking constitutive
nitrate reductase activity. II. Nitrogen assimilation, chlorate resistance, and
inheritance. Plant Physiol 72: 510-514

27. SIDGWICK NV 1966 The Organic Chemistry of Nitrogen, Ed 3 (revised and
rewritten by IT Millar, HD Springall). Clarendon Press, Oxford

28. SIEGEL RS, RD HAUCK, LT KURTZ 1982 Determination of IN2 and applica-
tion to measurement ofN2 evolution during denitrification. Soil Sci Soc Am
J 46: 68-74

29. SISLER HH 1956 Nitrogen and its compounds. In MC Sneed, RC Brated, eds,
Comprehensive Inorganic Chemistry, Vol 5. D Van Nostrand Co, Princeton,
pp 11-105

30. SMITH PAS 1963 Rearrangements involving migration to an electron-deficient
nitrogen or oxygen. In P de Mayo, ed, Molecular Rearrangements, Part 1.
Interscience Publishers, New York, pp 457-591

3 1. SMrrH PAS 1965 The Chemistry ofOpen-Chain Organic Nitrogen Compounds,
Vol 1. WA Benjamin, New York

32. SMITH PAS 1966 The Chemistry ofOpen-Chain Organic Nitrogen Compounds,
Vol 2. WA Benjamin, New York

33. STEWARD FC, JF THOMPSON 1950 The nitrogenous constituents ofplants with
special reference to chromatographic methods. Annu Rev Plant Physiol 1:
233-264

34. TEDESCO Ml, DR KEENEY 1972 Determination of (nitrate + nitrite)-N in
alkaline permanganate solutions. Commun Soil Sci Plant Anal 3: 339-344

35. VERSTRAETE W, M ALEXANDER 1972 Heterotrophic nitrification by Arthro-
bactersp. J Bacteriol 110: 955-961

36. VIRTANEN AI 1961 Some aspects ofamino acid synthesis in plants and related
subjects. Annu Rev Plant Physiol 12: 1-12

37. YAMAFUJI K, M SHIMAMURA, H TAKAHASHI 1954 Oximase and transoximase
in green algae. Enzymologia 17: 110-112

124 Plant Physiol. Vol. 76, 1984


