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Abstract. A sensitive CO-laser-based photoacoustic trace-physiology. At present, worldwide postharvest losses, partly
gas detector has been applied to study physiological praccurring in storage facilities, are estimated to amount up to
cesses in biological samples. A continuous flow-through sys30% [15]. Monitoring metabolic responses of harvested crops
tem at atmospheric pressure leads the released trace gasean asset in the development of new storage systems where
from the sample to the photoacoustic resonator cells at flothe atmosphere is dynamically controlled based upon the lev-
rates where these processes can be studied with high tineés of gaseous metabolites detected in the headspace [16].
resolution. We focus here on transient effects that were found Under normal aerobic condition21% O5), crops pro-
during fermentation of red bell peppers and apples, yieldingluce energy by stepwise oxidation of glucose to the final
in particular ethanol and acetaldehyde. Results are discusspobductsCO, andH,O (respiration) [17]. In a nutshell, these
also in the light of simultaneou®, measurements using po- steps include conversion of glucose to pyruvate, subsequent

larographic oxygen sensors. oxidation through the tricarboxylic acid (TCA) cycle @0,
and, finally, oxidative phosphorylation in which atmospheric
PACS: 42.55; 42.62; 82.80 O is used to produc,O. Under anoxic conditions, an alter-

native process occurs to provide the energy required to sustain
the life functions of the crop; pyruvate is now converted into
Over the past years, laser-based photoacoustic (PA) tracgcetaldehyde, which is quickly reduced to ethanol (fermenta-
gas detection [1-3] has proven to provide a sensitive angon). This latter pathway, however, renders far less energy per
non-intrusive method of studying physiological processes ifnolecule of glucose than respiration. The ‘lost energy’ is ac-
biological samples. Using a photoacoustic cell placed insidgjally trapped in ethanol — the end product of fermentation —
aCQ; laser cavity it became possible to detect the plant horand could only be released by further oxidation to water and
mone ethyleneQ,H,) at ppt levels [4]. As ethylene plays an CO, [17]. Schematically, the two processes can be summa-
important role in several physiological processes in plants [Sjzed as follows:
6], the applications are numerous: ripening of fruit [7], ger-
mination of seeds [8], pollination and wilting of flowers [9], Respiration:
flooding stress oRumexplants [10] etc. o

A CO-laser-based photoacoustic setup is well suited to Glucose — pyruvate— carbon dioxide and water
detect a wide range of compounds important in biological (CgH12,0s — C3H4O3 — CO, + H50)
research. Detection of ethanol and acetaldehyde is used tcr _ .
determine the rate of alcoholic fermentation in plant tissué*conolic fermentation:
during anoxic or hypoxic periods [11]. Ethane is detected as Gjycose — pyruvate— acetaldehyde> ethanol
a tracer for cell membrane damage due to lipid peroxida-
tion [12]. H,O and CO, emissions gre recordeg to ?nonitor (CeH1206 — C3H403 — CH3CHO  — C2Hs0H)
breathing patterns of insects [13]. As one of the main contrib-  Alcoholic fermentation and respiration are not /o’
utors to the greenhouse effect, metha@el{) produced by processes [18—20]; at low oxygen concentrations a fine bal-
bacteria present in, for example, rice paddies [14] and cockance exists between respiration and fermentation. As certain
roaches [13] has been studied. crops are transported and stored under low-oxygen condi-

To further demonstrate the possibilities of this techniquajons to slow down metabolic processes such as ripening,
we report here on recent progress in the field of postharveghowledge of the parameters determining the respiration-to-

fermentation ratio is of crucial importance for the conserva-

* Corresponding author. tion of the product [16]. High levels of fermentative metabo-
11 ppt= one part per trillion (& 10'%) lites may affect firmness, flavor, and color of the crop.
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The effects of ethanol and acetaldehyde on plant tissueral laser lines coinciding with absorption bands of different
under oxygen deprivation have been widely studied [18]. Theompounds and performing a least-squares multi-component
high reactivity of acetaldehyde is believed to cause cell deathnalysis, concentrations of the different trace gases can be
when present in relatively high amounts [21]. On the othemanalysed simultaneously [1].
hand, depending on the concentration, acetaldehyde is be- Figure 1 schematically outlines the setup as used for fer-
lieved to inhibit ripening in some crops such as tomato [22]mentation experiments on bell peppers. The home-Q@t
so that shelf life can be prolonged by exogeneously applytaser consists of a Pyrex plasma tube (diam&gmm) sur-
ing small amounts of this compound [23]. In other crops suchrounded by a liquid nitrogen reservoir. An outside vacuum
as pear and blueberry, ripening is accelerated by acetaldgcket acts as thermal shielding to avoid condensation of wa-
hyde [22]. In addition, acetaldehyde is known to be one of théer vapor on the laser and to reduce the liquid nitrogen con-
(many) components determining the flavor of most fruit [23].sumption [29]. A continuous flow of helium, nitrogen, carbon

When fermenting plant tissue is transferred from ammonoxide, and air is led through the discharge tube at a pres-
anoxic to an aerobic atmosphere, an increase in the acetaldaire of abou25 mBar The discharge is started by introduc-
hyde emission occurs as a result of oxidation of ethandhg a flow of N, between the two cathodes, which raises the
accumulated in the tissue during the exposure to anoxia [24ipnization potential of the mixture at this point so that the two
Due to the toxicity of acetaldehyde, this effect is believedbranches of the discharge are struck simultaneously [13]. To
to be the main cause for post-anoxic injury in plants ratheavoid deposition of particles from the plasma on the Brew-
than the high ethanol levels [21, 24, 25]. A recent study okter windows, a smale flow directed from each window
the post-anoxic acetaldehyde upsurge in red bell pepper igwards the discharge is maintained.

Zuckermann et al. [11], showed that the peak in the emis- The chopper frequency~(1130H2 is optimized to
sion occurs within less thammin after transfer to normoxic match the resonance frequency of the resonators forming
conditions. This extremely fast reaction has strengthened thibe heart of the PA cells. The resonance frequency of each
belief that oxidation of ethanol by rapidly formed active oxy- cell can be finely adjusted individually by three heater elem-
gen species [26] such as hydrogen peroxide, stimulated by tleats. One of the cells is equipped with a sensitive condenser
enzyme catalase, is responsible for the acetaldehyde formaricrophone (Briel & Kjeer 4179) and the other two with
tion [11, 21]. small — and less expensive — electret microphones (Knowles
EK3024) [28]. Noise from the sample flow is reduced by
notch filters on the cell inlet. To suppress contributions from

1 Experimental methods absorptions by th&nSeBrewster windows, buffer volumes
and columns of tunable length are incorporated. Details on
1.1 CO-laser-based photoacoustic detection the effects of these elements are to be found in [13, 28].

The detection limits are mainly determined by the absorp-
The CO laser and the resonant photoacoustic cells haviéon coefficients of the trace gases on the different laser lines
been described in detail by Bijnen et al. [13,27,28]; hereand by the intracavity laser power [13]. Interference by ab-
we give an overview focusing particularly on some recensorptions due to water may severely disturb the detection, as
developments. Three photoacoustic cells are placed insideater is often released in large amounts by biological sam-
the cavity of a liquid-nitrogen-coole@O laser. TheCO-  ples. To reduce the water concentration, the flow containing
laser frequency can be tuned over some 250 lines betwedhe trace gases is led over cold surfaces [27], the temperature
1300 and2000cnt? [29], where most small-to-medium- of which can be set to values betwe@hC and —180°C in
sized molecules show strong and unique ‘fingerprint’ absorperder to trap out most of the water. In order to further reduce
tion features. By measuring the photoacoustic signals on sethe water concentration and to avoid obstruction of the trap
due to ice formation, the gas flow is dried using Nafion dryer
tubings (Perma Pure Inc. Model MD-050) prior to entering
the cold trap. A drawback of the Nafion tubing, however, is
its tendency to trap other polar compounds such as ethanol.
Not only does this effect cause a measured concentration up
to about20% lower than the actual concentration, it also leads
to an increased ethanol background due to the slow release
of ethanol from the Nafion tubing. No such effects were en-
countered for acetaldehyde. Different temperatures can be set
for the flows leading to the three PA cells so that differential
selection can be achieved, based on the differences in vapor
pressure of trace gases under study [27]. After proper gas
scrubbing practical (i.e. in a real multi-component sample)
detection limits for the target gases typically reach ppb levels

-170°C Cuvets (see Table 1).
NS=

Cold trap With the use of mass flow controllers (Brooks 5850), the

_ : _ ~ 0o concentration in the flow is accurately controlled, as was
Elg. 15Tf3§plcal Iexperlbmentaé setup as }Jzed for thehbell pepé)er dexperlment%hecked with a paramagnetic oxygen transducer (Servomex
v = buffer volume; bw = Brewster window; ¢ = chopper; d = dewar; m =

100% mirror; mfc = mass flow controller; mic = microphone; nf = notch 1440) ConneCte,d to the outlet of the PA ce®, produped

filter; pd = pyroelectric detector; r = resonator; rc = reference cuvette; sc DY the sample is removed from the flow by a potassium hy-

sample cuvette; tc = column of tunable length droxide KOH) scrubber to avoid both obstruction of the

LN,
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Table 1. CO-laser lines and their absorption coefficients (inatem=1) for ~ the most prominent absorption features in @@-laser range
different trace gasésused in the experiments on red bell peppers. Notefor each of the selected compounds. These coefficients were
that the detection limits given here are practical limits as are reached ”&arefully calibrated using premixed samples with known con-
a realistic multi-component sample . . . . .
centrations of the volatiles in a buffer gas as will be detailed

Line Freq/ atmLomt in a future publication [30]. As an example the absorption
P, cmt CHsCHO GHsOH  GoHa H,0 spectrum of ethanol in pure nitrogen at differé®-laser
frequencies is shown in Fig. 2. The values are averaged over
P(11)13  1765.46 28.5 0.028 0.0041  0.00903  several runs and contributions from the background and re-
P(8)2s 1406.91 6.07 2.35 0.31 0.0076 manent water in the PA cell are subtracted; the errors indi-
P(1l)26 ~ 1445.46 3.90 062  1.02 0.0075 cated represent one standard deviation. As each buffer gas
,2(9)13 1772.89 14.2 0.018 0.0065 1.37 (nitrogen or air) possesses different pressure broadening coef-
(11)24  1493.81 0.864 0.22 0.149 0.0133 . ; -
Det. limit  (ppb) 0.5 10 10 10-100 ficients (see for example [31] fé,,0), it may slightly influ-
ence the absorption strength. In addition, the amount of water
aﬁHcs)CHV(VDafeflcetaldehydeCzHsOH = ethanol;CzHy = ethylene; vapor in the buffer influences the vibration-to-translation re-
,0=

laxation rates of the gas sample [32] and thereby the phase of
the photoacoustic signal [30].
cold trap and possible spectral overlap with trace compounds For the detection of ethanol, a significant improve-
under study. Part of the flow from the sample is cooled dowment has been achieved by including tRel”),» = P(8)2s
to —120°C (see Fig. 1) to remove ethanol so that the mucHaser line at14069074cnt. An absorption coefficient of
lower acetaldehyde concentrations can be determined ind-35atnt'cm™! is found on this relatively strong laser
pendently [27]. In the flow over the-60°C surface, both line [30, 33], which had not been recognized in previous stud-
ethanol and acetaldehyde are detected simultaneously. ies [11,27] and is a factor 2 to 3 higher than the coefficients
The trace gas monitoring experiments are fully controllecbn previously used laser lines. Note that the choice whether
by a personal computer (486 processor). The microphoner not to include a certain laser line in the multi-line analy-
signals from the PA cells are sampled by three lock-in amplisis is not solely based on the intensity of the absorption of
fiers (Princeton Applied Research, one 5110 and two 5105sj, specific trace compound on that line. Other relevant criteria
which are connected to the computer through two RS232 s@&re a reasonable intracavity power and low interference with
rial ports. The PAR-5110 lock-in is equipped with two digital- other compounds, especially with water.
to-analog converters (DACs) and four analog-to-digital con- In order to determine the concentrationsnasubstances,
verters (ADCs). The grating is rotated by a step motor (Oriethe photoacoustic signals on at leastaser lines must be
18512) driven through two digital/O channels of a Keith- recorded. Including more laser lines in one cycle does not
ley PIO-12 interface. After a laser line has been selectedecessarily improve the determination of concentrations. Of

with the step motor a piezo, mounted on the end mirror an ; . : 3 .
controlled via one of the DACs of the PAR-5110 lock-in Qey importance is the orthogonality of the matiikcontain

. Ing the absorption coefficients;; of substanceon laser line
rofile. The power is monitored by a fast pvroelectric der] [2]. In other words, if the spectrum (on the selected laser
profiie. power 1 ' y Py ! lines) of one of the compounds is similar to a linear combina-

tector 'allgned to the zeroth—qrdgr “?f'eCt'?.” off the grating;,, of spectra of the other compounds, concentrations cannot
(see Fig. 1). A small electronic circuit rectifies and smooth%e well determined

the pyro signal which is then fed into the computer via one™ "o 4o to check mutual interferences of the absorb-
of th_e ADCs of the PAR-5110._Subseq.uentIy, the piezo VOIt"mg trace gases within the selected set of laser lines, the
age is reset to the value at which maximum power occurred.
A more stable (though slower) value for the laser power, to
normalize the measured PA signals, is obtained by demodu-
lating part of the pyro signal using a lock-in amplifier (Ortec
Brookdeal 9501E) with an RC time of typically3 s Signals T
from additional equipment, such as an infra@d, analyzer “-g
(URAS, Hartmann & Braun) and mass flow controllers, car-°
be read into the computer via the ADCs of the PAR-5110 0 _ 31 i
via a faster analog input board (Keithley DAS-801). In add-
ition to the step motor, the digitaj© board controls eight
valves which may be incorporated in the flow system. All
software is written irc.

The procedure of positioning the laser and reading the P,
signals, takes approximately one min per laser line. The liqui g , 4
nitrogen level in the laser and in the cold trap are monitore( 3
with small molybdenum resistors that trigger electric valves < %W k
to refill automatically when necessary. The temperatures ¢ | a0 o
the different levels of the cold trap are actively stabilized 1200 1400 1600 1800 2000
using a temperature sensor and a heater element on each le» Wavenumber (cm )

In Table 1 absorption coefficients of acetaldehyd?' ethaIfig. 2. Absorption coefficients of ethanol and intracavity laser power on the
nol, ethylene, and water are collected for the laser lines Sex, — 1 co-laser lines. The arrow indicates tiRé8)2s line used for ethanol
lected for the pepper experiments. The values in bold giveetection

fficient (atm

5
Power (Watt)

10N coe
.
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Table 2. Cross sensitivities [2)Q; for the selected set of laser lines and an electrolyte solution has been applied to determine the oxy-
compounds to be detected gen content inside bell peppers. If a voltage of abewt7 Vv
is applied to the electrode, the current is directly proportional

L'ne,, S Qi to the O, concentration. As the current typically amounts to
PA%y 14 j—  CHCHO GHsOH  GH, H20 a few tenths of 1A, measurements were performed inside
P(11)13 CHsCHO 1 000098 000014 0o0oozz & Mmetal box to shield the sensor from any unwanted electro-
P(8)2g C,H50H 27 1 0.14 0.0034 magnetic radiation generated by other laboratory equipment.
P(1D)2s  CoHa 3.8 0.61 1 0.0074 Two different sensors were used; a microsensor built at
P@i1s  H0 104 0.013 0.0047 1 the University of Amsterdam (NL) possessing a sharp (and

fragile) glass tip [34] particularly suited for measurements
with high spatial resolution, for example in sediments [35].
cross-sensitivities, The second sensor, which is commercially available (Dia-
mond General Corp. model 733), was equipped with a plastic
— Zij . (1) cover to protect the glass tip containing the electrodes. The
i current from the electrodes was measured withAameter
(Keithley) and read into a computer [36]. The performances
of both sensors were comparable; a resolution of approxi-
mately 0.5% O in the gas phase was reached. As spatial
resolution was not required for the pepper measurements, the
?) latter probe proved to be more practical in use due to its
robustness.

Most off-diagonalQ;; values in Table 2 are relatively small, yt‘e el?'(t:)m(t: C:‘h”e”t Inair ar&d 'rl‘, pure nitrogen were meas- g
except for the values in the first column; an error in the ac!/l€d l0 calibrale theé sensorand afinéar response was assume

etaldehyde concentration thus causes a 2- to 10-fold highfQ" ©2 concentrations between 0 aRdbb. .
error in the concentration of the other substances. However, A hole (diameteB mm) was punctured through the skin of

acetaldehyde concentrations are usually several orders %fpeppertoinsert the oxygen sensor into the locule. Using the

magnitude lower than other concentrations (excepCdis) iamond Gene(al probe, the hole was then sealed with vac-
and moreover, acetaldehyde concentrations are usually acd{i™ clay to avoid gas exchange through the hole. The pepper
rately determined due to the high contrast of its absorptiol/@S Placed in a cuvette which could be flushed with air or
spectrum. The interference between ethylene and ethanol al38f0gen. It has thus been possible to determine the time-
requires some caution: a high ethanol concentration, such 46Pendent oxygen concentration inside the pepper at various
during fermentation, may cause a relatively large error ifexternalo, concentrations to derive the diffusion time of oxy-
the C,H4 concentration (which is by the way very low for 9€n through the tissue.
pepper [7]). It is noted however, that under anoxia, where
the ethanol emission reaches a maximum, ethylene is n%t
produced [6].

In practice, to determine the concentration rofsub-
stances, the PA signal on at least 1 laser lines must

Qjj

as defined in [2], were evaluated (see Table 2). An engr
in the concentration of compourjctcauses an errafic; in the
concentration of compourid

AG > Qjj AGj .

Applications in postharvest physiology

Here we show recent results in the field of postharvest physi-
. . ology of bell peppers and apples where the application of the
be sampled (see Table 1) since background absorptions (CEJK detection technique has proven to be superior to conven-

Kvnlg'gl%vr\ﬁéticci:lw?rqz)ngg ?SL"’:]"d%%r:‘tréti’rl:]t'cl’nz;c;rteh;eﬂggsa:' tional techniques. To better observe the dynamic behavior of
Y, g Ply ht%e processes under study, each measurement was performed
(n+ 1)th compound to be detected.

The time required for a full measuring cycle should 0N @ single piece o_f fruit to avoid smearing-out effects. It has
short with respect to the time scale of the dynamic bioIog-nOt b_een our intention to give a full quantitative account of the
ical processes under study, so that concentrations in the hysiological effects observed. Therefore, the data shown are
> ' . .in'general obtained from a single sample and are not averaged
cells do not significantly change during a cycle. In the experi- ;
. . LA .~ over several replicates.
ments described here, a full cycle including five laser lines
takes about five min. In contrast to some previous experi-
ments [11, 27], we found that inclusion of more laser lines2.1 Oxygen diffusion and up-take in bell pepper
(up to 15) did not significantly improve the determination of
trace-gas concentrations. This result is mainly based on th&hen the atmosphere surrounding a bell pepper is switched
more accurately determined absorption coefficients [30] withbetween anoxic and normoxic (and vice versa), the internal
respect to previous values [11, 27]. oxygen concentration follows an exponential build-up curve
as shown in Fig. 3. For the pepper, the internal oxygen con-
centration is determined by diffusion and consumption. We
1.2 Oxygen measurements assume that the diffusion fluxd) is proportional to the differ-

. , ence between internal and external partial oxygen pressures
Oxygen concentrations determine the balance between fefp, and p,y) and that the consumption fluxdj is propor-

mentation and respiration in the sample. Since oxygen posional to the internaD, concentration so that

sesses no infrared-active bands, it cannot be detected with thedp

photoacoustic apparatus described here. A Clark-style polaro-2Fin _ + i = a(pin — + B 3
graphic sensor consisting of two electrodesgndAgCl) in dt ¢t Je= (Pin = Pou) +FPin ®)
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25 is not trivial since saturation effects may occur; however,

7 Doubl tial functi . . .
1 yZuA Ze:p‘;'le: '(:eu"f on exp from the fit presentt_ed inFig. 3 we conclude that (6) represents
204, " 25.2047(8) —fit an adequate description of the internal oxygen concentration.
1% 76.850(4) o
18 BIre o 2.2 Onset of fermentation in bell pepper
2 Outside pepper___ Dutch Red Bell Pepper<Capsicuum annuurav. Presenta)

%0,

with a typical fresh weight ofL75 g were obtained from

a local retailer during the months August — November 1997.
Experiments were performed in an illuminated laboratory at
room temperature.

Approximately2 h after the transfer of red bell peppers
from normoxic to anoxic conditions, the acetaldehyde level
starts rising. Figure 4 shows that abduh later an interme-

o s 100 150 200 280 300  3s  diate plateau is reached during which the acetaldehyde emis-
Time (min) sion remains at a constant level of about one fourth of the final
Fig. 3. Oxygen concentration inside a red bell pepper after switching froml€VEl that is reached several h later. A similar effect has been
a nitrogen to an air flow at = 0. The inset shows the same curve for an observed for green bell peppers as shown in the inset of Fig. 4.
empty cuvette Acetaldehyde emissions from the pericarp (skin) and from
the stem were recorded separately to investigate the influence
of their different diffusion properties. To this end, a pepper
The small onset visible between 0 ah@ minis due to the was placed in a cuvette with two separate compartments; one
time required to fill the cuvette with air (partial oxygen pres-of the compartments was placed over the stem site and sealed

1, = 16.83(6)

sure ofpy1), which follows an exponential function with vacuum clay and the other compartment collected trace
» gases emitted from the pericarp. Typically, the acetaldehyde
Pout = (1 —€77) pz1 (4)  emission from the pericarp starts one h earlier than the release

) _ from the stem (see Fig. 5), i.e. from the locule since we as-
that can be characterized by placing the oxygen sensor iy,me that the emission from the outside of the stem site is
the cuvette outside the pepper (see inset of Fig. 3). The paggiigible. This delay is attributed to the concerted action of
rameters of this latter function depend on Fhe volume of th%xygen diffusion and consumption, causing the surface-near
cuvette and the flow rate. Under our conditioB8§ micu-  cgjis to be deprived of oxygen sooner than the more inner
vette,2 I/h flow) a time constant of; = 16.8 min was found ones, which are fed by the oxygen inside the locule.

for the cuvette. _ _ _ _ The contribution from the pericarp amounts to about
Inserting (4) into (3) yields an inhomogeneous differentialy (, of the total acetaldehyde emission. For ethylene release,
equation a pericarp—stem emission ratio of/Z% has been found pre-
dpin Ly viously [7].
gt = lPn— (A=) parl + Bpin . (®)
which, using the appropriate boundary conditions, has a solu- Red Bell Pepper
tion in the form of a double exponential function ) 100% N, ‘ 0.4%0,
pin(t) = Ap(l - e_t/’p) + Ac(1— e—t/rc) s (6) 5000 Green bell pepper — | .
whereA, and A have opposite signs and g_ 4000_' ‘ g‘% B s
] 0 +eRe =i a%
TpE(Ol‘i‘ﬁ)_l, (7) E _.:'.(o)'_'-', _,-’..
A T B 30001 . s
AT ® £ I
p Tp @
o4 S 20009 pepper o
|Ap+ A = m P21 .- 9) 8 | ~serteD

1000

A fit of the internal partial oxygen pressure of Fig. 3 to (6) °  AA(*10)
yieldst, = 76.9 minas time constant for the pepper while the o A EtOH
time constant for the cuvette is kept fixedito= 16.8 min In 0 s 10 45 T T

addition, the fit yieldsAp = 25.2 andA; = —6.2 determining Time (hrs)

an internal oxygen concentration.0% att = oo whichre- g 4. Acetaldehyde and ethanol emission of one red bell pepper under
flects the oxygen consumption due to respiration. On averaggnoxia. The pepper is inserted into the anoxic environment of the cuvette
under normoxic condition®2(% O;) an internal oxygen con- att=15h The plateau in the acetaldehyde emission (arduad h) dur-

centration of about8% was found. in agreement with values ing the onset of fermentation is clearly visible. The inset shows the typical
. , plateau as observed for a green bell pepper. Post-anoxic addition of only
found for some related species [37]' 0.4% O, leads to a dramatic increase of the acetaldehyde release within 20

The.assumptior) that the oxygen consumpt_ion is directlynin. (Note that the acetaldehyde concentration has been multiplied by 10
proportional to the internal oxygen concentratigp= Spin)  for clarity)
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300 Hereto, red bell peppers were placed in a cuvette con-
1 | © Acetaldehyde stem ,.‘a/""'ﬂ nected to the PA system anddy/h flow of pure nitrogen was
250 | ° Acetaldehyde skin ("2) -,-"-" supplied. The acetaldehyde release was monitored as the pep-
*Acetaidehyde total -~ _wase#®|  per was left anoxic overnight so that stable concentrations of
5 typically 100 ppbwere obtained, corresponding to a produc-
4 tion of 500 nl/h per fruit. Then, the composition of the flow
150 !.' over the s_ample was changed to contain oxygen concentra-
I tions varying fron0.1% to 1.2%.
Plateau s & In all experiments a post-anoxic upsurge of acetaldehyde
1007 “ & production was observed. The height of the peak amounted
s to approximately 4 times the level during fermentation under
pureN,. Comparing for example Fig. 4 with Fig. 3 of [11],
one finds that the ratio of the post-anoxic peak to the anoxic
, , _ level is hardly affected by the post-anoXig concentrations
0 2 4 6 8 10 of 0.4% and20%, respectively. However, the oxidation of
Time (hrs) ethanol occurs more slowly at low€d, concentrations as

Fig. 5. Acetaldehyde emission of the stem and pericarp (skin) site recorde an be noticed by comparing the slope of the rsing flank of

separately. The contribution from the pericarp has been multiplied by a fadn€ post-anoxic acetaldehyde peak. Tab'? 3 summarizes peak
tor of 2 for clarity. Summing both traces reveals the origin of the plateauheights and slopes for several post-anoxic oxygen concentra-

during the onset of fermentation tions. It may seem that for lower post-anoXds pressures
the total amount of released acetaldehyde becomes larger;
however, due to uncertainties regarding the decay of the post-
Summing the acetaldehyde emissions from the stem arghoxic upsurge, we refrain from such a conclusion.
the pericarp indeed yields a plateau in the total release, at ap- As can be seen in Fig. 4, post-anoxic exposureOto
proximately one fifth of the final level. Thus, we conclude thatleaves the ethanol release rather unaffected. A decrease might
the observed plateau originates from the hollow structure dbe expected here to compensate for the ethanol being ox-
a bell pepper and the differences in diffusion times throughdized to acetaldehyde. However, as explained in [11], the
stem and pericarp. ThHeh delay between emission from the lower detection efficiency and the 15-fold lower volatility of
pericarp and from the locule (through the stem) correspondsthanol as compared to acetaldehyde [38], prevent observa-
well to the observed oxygen diffusion time. The tin(esl) tion of this effect.
required to adjust the concentrationf in the cuvette and An attempt was made to re-expose the fruit gradually to
in the locule of the pepper differ by abalih. oxygen. The lowesD, concentration that could be reliably
Figure 4 also shows the ethanol release of the bell peppechieved by dynamically diluting air with pure nitrogen using
which has been recorded simultanuously with the acetaldéwo mass flow controllers waB.05%. In Fig. 6,0.05% O,
hyde release. Instead of reaching a steady production, a gradas introduced afte8 h of anoxia leading to 0% increase
ual increase is observed for at le28th and moreover, the in acetaldehyde production ihh. Gradually increasing the
production is an order of magnitude higher. The higher noisexygen content slowlydecreasedhe acetaldehyde produc-
levels on the ethanol signals with respect to the acetaldehydi®n even to below the anoxic level. Finally, switching thg
signals are attributed to: (i) the lower detection efficiency, (ii)concentration abruptly t20% yielded the well-known post-
stronger spectral overlap by water absorptions, (iii) higheanoxic upsurge. This result may have important implications
temperature of the cold trap leading to higher concentration®r common postharvest storage of fruit under low-oxygen
of background gases, and (iv) partial trapping of ethanol bgonditions. Gradually restoring normal air conditions may

™
2

Concentration (ppb)

PEPPER
INSERTED

50

the Nafion tubing. reduce possible adverse effects [21,24] of post-anoxic ac-
In addition, the ethylene release was monitored but netaldehyde emission.
production was observed. UsingGD,-laser-based PA de- As to the underlying processes causing the reduced post-

tector, De Vries et al. [7] found a total production rate ofanoxic acetaldehyde release, no previous studies are known to
4 nl/h per fruit which corresponds to a concentration of aboutis so that we can only give some preliminary thoughts here.
1 ppbat a typical flow rate ob I/h. The practical detection

limit for ethylene of our apparatus is estimated aroGibh

Moreover, it is _known that oxygen is req_wred to l"‘SSlmll""teTable 3. Post-anoxic acetaldehyde peak height (relative to anoxic acetalde-
ethylene_ from its precursor ACC (1-amInocyclor_nror)ane-lhyde level) and slope of the rising flank for various post-anoxic oxygen
carboxylic acid) [6]. Under our low-oxygen conditions, the concentrations applied to fermenting red bell peppers. The slope gives the
C2H4 production is probab|y even lower than the values reincrease (per hour) in production normalized for the fresh weight of the
ported in [7], depending on the ACC concentration [5,6].  SamPle (WgFWh)

[O2] Peak Slopg
2.3 Post-anoxic acetaldehyde release (%) (ratio) nl/gFWI?
Zuckermann et al. studied the dynamics of the acetaldehydg ; 38 4.9
release of red bell pepper upon transfer from an anoxic too.2 35 5.6
a normoxic 21% O,) atmosphere [11]. Here, we investigate 0.4 47 12.7
the post-anoxic upsurge in acetaldehyde release as a functi%% g'g ég'i

of the post-anoxi€©, concentration.
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Fig. 6. Post-anoxic acetaldehyde emission is reduced (compare to Fig. 4) byig. 7. Ethanol and acetaldehyde production of apples as function of the ex-
gradually restoring the oxygen content. A sudden increa86%oyields the  ternal oxygen concentration. A zoom of the emission<fgprconcentrations
known effect abovel% is shown in the insets

The amount of post-anoxic acetaldehyde depends (partlygcetaldehyde may therefore serve as an accurate indicator for
upon the production rate of active oxygen species (AOS)ermentation. The more gentle slope of the ethanol vs. oxygen
which depends on th®, concentration, and (partly) upon curve suggests the existence of memory effects in the tissue
the availability of the substrate, ethanol, which decreases athich may mask the true physiological state of the fruit and
higherO, concentrations due to the restoration of normal reslead to erronous decisions during storage.

piration. Thus, upon re-exposure to oxygen, ethanol oxidation The measured release of acetaldehyde and ethanol was
and oxidative phosphorylation compete for the availabje used to model the fermentativi€O, production [17] as
molecules. Additionally, the availability of AOS scavenging a function of the oxygen concentration during storage of ap-
enzymes (such as superoxide dismutases [26]) and normales. A detailed analysis has been presented by Peppelenbos
respiration enzymes plays an important role. More detaile@ét al. [20].

studies are necessary to clarify the observations.

2.4 Fermentation vsO, concentration for apples 3 Conclusions

Apples Malus domestic&orkh., cv. Elstar) were harvested Fast physiological processes or responses justify the appli-
in September 1995 whereafter they were stored under coration of trace detectors featuring a high time resolution. To
trolled atmospherel(°C, 1.2% O,, and0.5% CQO,) for three  understand these processes in detail it is necessary to study
months. The apples were then put in air-tight bottles cona single piece of fruit to avoid averaging out of the transient
nected to a flow-through system and supplied with variougffects. Thus, the detector to be applied should not only pos-
partial oxygen pressures for about five days. One by one, theess a high time resolution but also a high sensitivity. We have
bottles containing the apples under different oxygen concershown that an intracavit¢O-laser-based photoacoustic de-
trations were connected to the flow system of the PA detectotector combined with a continuous flow-through system sat-
Flushing the bottles witB.5 I/h of pure nitrogen, the ethanol isfies these requirements. Conventional techniques with high
and acetaldehyde concentrations in the headspace were asansitivity such as gas chromatography often fail to register
lysed. A stable value was obtained after about half an hour. the transient effects due to long accumulation times.

Figure 7 depicts the production rate of the fermentative Compared to previous studies applying the same appara-
metabolites as a function of the applied oxygen concentratiorius [11, 27] it has been possible to reduce the time resolution
Even at highe©O, concentrations, ethanol and acetaldehyddrom about 15 tc min by reducing the number of laser lines
production is observed suggesting that fermentation is stibampled in one cycle, without a significant loss of informa-
active though at a low rate (see inset). The critical oxygetion; an accurate calibration of absorption coefficients allows
concentration, where respiration turns to fermentation, is loene to record the PA signals on the minimum number of laser
cated around..2% as seen from the plot [20]. Note that the lines (+ 1) needed for the simultaneous detection of a cer-
internal concentration is much lower due to the resistance tain number i) of trace compounds. For ethanol detection
diffusion of the tissue [39]. a significant improvement was achieved thanks to the intro-

Although the acetaldehyde concentration is typically arduction of the P(8),g laser line where a more than twice
order of magnitude lower than the ethanol concentration, ihigher absorption coefficient was found comparedto [11, 27].
shows a much sharper response to the onset of fermenta- A time resolution of around0 swas obtained by Bijnen
tion as observed for both apples and bell peppers. The highet al. [13] measuring the PA signal on a single laser line to
vapor pressure for acetaldehyde with respect to ethanol sudy breathing patterns of cockroaches and of several other
the most obvious explanation for this observation. For moninsects. This extremely fast technique did not allow the mon-
itoring purposes during controlled-atmosphere crop storagépring of more than one trace-gas concentration at the same
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time and additionally, one had to rely on a constant concentrai2
tion of background gases. Here, we have presented a practical

compromise; by scanning over five laser lines four different3:

trace concentrations have been analysed simultaneously with,
a reasonable time response.

From a plant physiological point of view, we found that 15.
for bell pepper the post-anox{@, concentration determines 16

the rate of ethanol oxidation, but does not affect the acetalde-

hyde peak value. Furthermore, it has been possible to reducg,

the post-anoxic acetaldehyde release by gradual restoration of
an aerobic atmosphere. Transient effects in the acetaldehyde

release during the onset of fermentation have been shown t&-

be diffusion related. For apples, the ethanol and acetaldehyde

emissions as a function of the external oxygen concentrationg.

have been compared.
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