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Plant material and storagddroccoli, cv.
C h |O ro p hyl I Fl u O resce n Ce aS a ‘Greenbelt’, was harvested and cooled in the
United States and then imported to Québec by

NOI’ldeStI’UCtIVE |ndICat0r Of BI‘OCCO|I refrigerated truck in June 1998. Upon receipt,

the broccoli was 6 d old. Freshly harvested

Quality during Storage in Modified- broceoli, ov. ‘Emperor’, was obtained from a

v local producer in Québec in July 1998 for the

second replication. This broccoli was 1 d old.

atmosp here PaC kag I ng Broccoli heads were separated from
bunches, and similar heads of uniform size and

Jennifer R. DeEIl . floret color were selected. Two types of modi-
Agriculture and Agri-Food Canada, Horticultural Research and Developmesti-atmosphere packages (Cryovac,
Centre, Saint-Jean-sur-Richelieu, QC, Canada J3B 3E6 Mississauga, Ont.) were used, PD-941 bags
) designed specially for broccoliand PD-961EZ
Peter M.A. Toivonen bags designed for shredded lettuce. Five heads
Agriculture and Agri-Food Canada, Pacific Agri-Food Research Centpéproccoli were placed in each of seven bags
Summerland. BC. Canada VOH 1Z0 of each type, and all bags were stored“at.1

The entire experiment was repeated with the
Additional index wordsBrassica oleraceaappearance, odor, acetaldehyde, ethanol, ethylsecond batch of broccoli to provide two com-
acetate, MAP plete replications.

o ) o Chlorophyll fluorescence measurements.
Abstract.The objective of this study was to determine if chlorophyll fluorescence could be Chiorophyll fluorescence was measured at

used as an indicator of anaerobic respiration in broccol{Brassica oleraced.., Italica 1 °C, using a modulated fluorometer (OS-500;
group) during modified-atmosphere packaging (MAP). Two types of packages were used,Opti-Sciences Ltd., Tyngsboro, Mass.). Mea-
PD-941 bags, which provided optimum MAP conditions for broccoli®3 kPa O, plus 5kPa  syrements were taken within 1 h after the bags
CO,), and PD-961EZ bags, which allowed the CQo accumulate 11 kPa CQ). After 28  yere sealed, and then each day for the first
days in MAP at 1°C, the broccoli from both types of bag had similar appearances and week. Measurements were subsequently taken
weight losses. However, broccoli held in the PD-961EZ bags had developed slight tafter 11, 14, 18, 21, 25, and 28 d of storage.
moderate alcoholic off-odors and had higher ethanol, acetaldehyde, and ethyl acetate Broccoli heads were dark-adapted for
content, as compared with broccoli in PD-941 bags. Chlorophyll fluorescence parameterspg min (Vidaver et al., 1991) prior to the fast
(Fv/Fm, Tarz, Fmd, and ®g,) were lower for broccoli held in the PD-961EZ bags than in actinic test (method 4 on the fluorometer;
PD-941 bags, and these differences increased with storage duration. These results indicaggark-adapted tissue). A single green 40-W
that chlorophyll fluorescence is a reliable, rapid, nondestructive indicator of broccoli safelight was used to provide a low level of
quality during MAP, and that it could be used to determine if broccoli has developed off- jjlumination during the fluorescence analysis,
odors without opening the bag and disrupting the package atmosphere. to allow the operator to see well enough to

handle the broccoli and to operate the instru-
The modified-atmosphere packaginghose held in unsuitable MAP, although off-ment. Modulation intensity (660 nm) was set
(MAP) method has become popular for exedors and/or off-flavors have developed in that 100, actinic intensity (peak 670 nm) at 190,
tending the storage life of broccoli. Reducedatter group (Gillies et al., 1997). and the detector gain at 40, with a run time of
O, and/or elevated CGlow respiration, eth- Chlorophyll fluorescence is an effective5 s. After taking dark-adapted measurements,
ylene production, weight loss, and decay, aniehdicator of low Q and/or high CQstress in the laboratory lights [photosynthetically ac-
retard yellowing of broccoli (Anelli et al., apples Malus xdomesticaBorkh.) (DeEll et tive radiation PAR = 4.1umol-n12-s? were
1984; Kasmire et al., 1974; Lebermann et alal., 1995, 1998). Prange et al. (1997) demonurned on and the broccoli was light-adapted
1968; Lipton and Harris, 1974; Makhlouf etstrated that chlorophyll fluorescence measurder 10 to 15 min. The fluorometer was then
al., 1989; Wang, 1979). Saltveit (1993) recments could be taken through glass jars, thissvitched to the yield test (method 2 on the
ommends storing broccoli heads in 1 to 2 kPallowing continuous monitoring of low O fluorometer; light-adapted tissue), the modu-
O, plus 5 to 10 kPa CQo maintain quality at stress in apples. lation intensity changed to 200, and the satura-
temperatures ranging from 0 t6G. A few reports are available concerning thdion intensity (35-W halogen lamp) set at 230
Maintaining optimum gas concentrationsuse of chlorophyll fluorescence in broccoli.for a 0.8-s duration.
in MAP throughout handling and transport isToivonen (1992) first demonstrated that there On each broccoli head for each test, chlo-
often difficult. When gas concentrations bewas a strong association between chlorophytbphyll fluorescence was measured through
come extreme, broccoli can develop off-odorfluorescence changes and declines in bothe bags near the center of the floret mass. The
and off-flavors via anaerobic respiration, renfespiration and vitamin C content in broccolidark-adapted parameters Fv/Fm [Fv = Fm —
deringitunmarketable (Barmore, 1987; GilliesTian et al. (1996) later showed that chlorofo; Fm = maximum fluorescence (dark), Fo =
et al., 1997). No simple and rapid method iphyll fluorescence could be a sensitive indicaminimum fluorescence (dark)] and/a[half-
available to determine this without openingor of responses of broccoli to hot water treatime (ms) for the rise in Fv], and the light-
the bag and disrupting the atmospheric condiment, before visual changes are noted. Mo@dapted parameters Fmd [Fm™ — F; Fm™ =
tions. The appearance of broccoli heads hetgcently, Toivonen and DeEll (1998) showednaximum fluorescence (light), F = steady-
in optimum MAP is generally similar to that of that chlorophyll fluorescence is independenstate fluorescence] anbg, [yield = (Fm™ —
of head maturity, suggesting that this techF)/Fm’] were evaluated (DeEll et al., 1999).
- nique would be reliable for use. O, and CQ analyses.The Q and CQ
Received for publication 6 Jan. 1999. Accepted for The ghjective of our research was to detetevels in the package headspace were deter-
publication 6 July 1999. We thank Samantha Pollyine if chiorophyll fluorescence could be usednined by withdrawing a 2-mL gas sample
and Sabina Stan for their technical assistance. T oL . . . . . P p LS
cost of publishing this paper was defrayed in partbé‘ an|nd|c§1t_orofbrocco_llqualltydurlng l\_/IAP_.Wlth a syringe and injecting it into a gas
flore specifically, we wished to determine ifchromatograph (Shimadzu GC-14A,

the payment of page charges. Under postal regul - . . .
tiong, %is papelf)thgereforegmust be hepreby ma?ké;hlorophyll fluorescence could be used tdekScience, Oakville, Ont.), equipped with

advertisemensolely to indicate this fact. evaluate the development of anaerobic behatwo columns. The first column was 1.83xn
To whom reprint requests should be addressed (#r in broccoli in response to high G&ncen- 3.2-mmi.d. stainless steel packed with 80/100
mail: deellj@em.agr.ca). trations in MAP without opening the packagemesh Porapak Q. When the Cad been
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eluted, the sample was switched to a secoridns 5 kPa and 11 kPa for PD-941 and PDpublished data). These results indicate that the
column via an in-line two-way valve. The O 961EZ bags, respectively (Fig. 1). The differvisual attributes were similar for broccoli held
and nitrogen were then separated on a 2.44-emce in CQconcentration was expected, sincén both bag types.
x 3.2-mm i.d. stainless steel column packethe Cryrovac PD-941 bag for broccoliis more No off-odors had developed in PD-941
with 80/100 mesh Molecular Sieves 5A. Thepermeable to C19-22 L-n?d?) thanisthe bags after 28 d of storage afQ, whereas
gases were quantified with a thermal condud®D-961EZ bag (6-8 L-thd?) designed for slight to moderate alcoholic off-odors were
tivity detector. The flow rate of the carrier gadettuce (Cryovac, Duncan, S.C.). The recomevidentin PD-961EZ bags (Table 1). Ethanol,
(He) was 30 mL-mit and column tempera- mended CQ@concentration for MAP of broc- acetaldehyde, and ethyl acetate content of the
ture was isothermal at 3&. Calibration was coliis 5to 10 kPa (Saltveit, 1993). Thus, PDbroccoli was also higher in PD-961EZ bags
performed using commercially analyzed ga841 bags provided optimum MAP conditionsthan in PD-941 bags (Table 1). These results
standards. The LOco-elutes with argon and whereas PD-961EZ allowed the C€ncen- show that anaerobic respiration had been in-
thus a correction to account for this was apration to exceed that recommended for broauced in the broccoli held in the PD-961EZ
plied (Beveridge and Day, 1991, Supina, 1974xoli. bags in response to the high Ctoncentra-

Quality and defect evaluationall indi- After 28 d of MAP, broccoli appearancetions. However, this could only be determined
vidual broccoli heads were evaluated after 28nd weight loss were similar in both bag typeafter the bags were opened.
d of storage atC. Appearance was evaluated Table 1). Less black speck appeared to de- Chlorophyll fluorescence measurements
using a 1 to 5 scale, with 5 = excellent owelop on broccoli in PD-961EZ bags than irboth in the dark (Fv/Fm andi) and in the
having a freshly harvested appearance (e.q2D-941 bags, although the difference wabght[Fmdandb.g,(fluorescence yield)] were
dark green, compact head, no defects); 3 monsignificant P = 0.15). This was expected higher for broccoli held in PD-941 bags than
average (e.g., lighter green, less compact healince black speck can be controlled by higfor those in PD-961EZ bags (Figs. 2 and 3).
few slight defects); and 1 = unmarketableCO, concentrations (DeEll and Toivonen, un-These measurements were not influenced by
showing yellowing, loose florets, and major
defects. Black speck is a physiological disor- 14 -
der that develops on broccoli stalks (Dekll,
1998), and this was evaluated usinga 1to 5
scale, with 5 = no black speck symptoms; 4 =
sunken lesions, little discoloration; 3 = minor
black speck development; 2 = obvious symp-
toms and therefore unmarketable; and 1 =
severe black speck, unmarketable. Odor was
evaluated also using a 1 to 5 scale, with 5 =
strong off-odor, unmarketable; 3 = slight but
obvious off-odor, limit of marketability; and 1
= no off-odors. In addition, weight loss was
determined for each bag of five heads.

Acetaldehyde, ethanol, and ethyl acetate
determinations Acetaldehyde, ethanol, and
ethyl acetate contentwas determined by grind-
ing 5 g of broccoli bud tissue in 10 mL of 0.1
m HCl and placing 5 mL of the resultant slurry
in a 25-mL vial, which was then sealed with a
serum stopper. The vial was incubated in a
water bath for 1 h at 3C, after which a 0.5-
mL sample was withdrawn with a gas-tight
syringe. The sample was then analyzed on a
gas chromatograph (Model 3700; Varian
Canada, Inc., Georgetown, Ont.), fitted with a
2-mx2-mmi.d. glass column packed with 5%
Carbowax 20M on a support of 60/80 mesh
Carbopak B. The separation was carried out
isothermally at 80C and the carrier (He) flow 0 5 10 15 20 25 30
rate was 20 mL-mifh Standards were made
by dissolving known quantities of pure com- o
pounds in 0. HCI and then sealing them in Days at 1 C
25-mL glass vials with serum stoppers and
incubating as described above. The air in thiéig. 1. Effect of bag type used for storing broccoli on,@@l Q concentrations in the bags during 28 d at
headspace was analyzed and calibration fac- 1°C. The interaction of bag typestorage duration for C@oncentration was significant®t 0.001
tors calculated. (SEM =0.413, n = 14, df = 249).

Statistical analysed.he experimental de-
sign was a completely randomized block deTable 1. Effects of bag type on broccoli characteristics and weight loss after 28 d in MA® at 1
sign, with two complete replications of the Black Wi ConcentrationfL-L) of;
experiment. Data were analyzed using th
analysis of variance procedure of the statist

— = PDSB1EZ - CO,

—«_PD9B1EZ - O,

- PDS41 - CO,
o..PD941 - O,

12

CO, or O, Concentration (%)
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Eag type Appearanée speck loss (%) Odor Acetaldehyde Ethanol Ethyl acetate

D-941 3.2 2.7 0.92 1.07 0.18 2.9 0.32
cal program Genstat 5 (Payne, 1993). BotBp gg1¢7 3.2 44 094 340 0.47 16.7 0.85
replications were included in the analyses. ggpm 0.1% 030 0068  0.274 0.043 1.54 0.079
Significance NS NS NS xx b e rx
Results and Discussion ?1-5 scale. Appearance: 1 = poor color and major defects; 5 = green, no defects. Black speck: 1 = severe;

. 5 =none. Odor: 1 = no off-odors; 5 = strong alcoholic odor.
The atmospheres in the bags stabilizeth = 70, df = 139.

within 4 d of sealing, with ©concentrations *n = 14, df = 27.
thereafter averaging 3 kPa and£0ncentra- "™ Nonsignificant aP < 0.05 or significant & < 0.001.
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Fig. 2.Dark-adapted chlorophyll fluorescence measurements, Fv/Fm andrig. 3. Light-adapted chlorophyll fluorescence measurements, Frb.gpd
Tus2, of broccoli in PD-941 and PD-961EZ bags during 28 d°&t. Bag of broccoli in PD-941 and PD-961EZ bags during 28 d°&t.1Bag type
type (n = 910, df = 1819) and storage duration (n = 140, df = 1819) were  (n =910, df =1819) was significantf& 0.001 for Fmd and,,, storage
significantaP<0.001 for both Fv/Fm andig, while the interaction of bag duration (n =140, df =1819) was significanfat 0.05 for Fmd andP <
typex storage duration (n =70, df = 1819) was significaf=10.001 for 0.001 ford,,, and the interaction of bag typestorage duration (n = 70,
Fv/Fm andP < 0.01 for Ti/2 (SEM = 0.015 and 46.22, respectively). df =1819) was significant & < 0.001 ford®,g, (SEM = 0.014).

film type. A preliminary test showed that chlo-(1997) also found an exponential relationshifproccoli could only be determined after the
rophyll fluorescence values of the broccolbetween increasing ethanol production ratbags were opened, and this would have made
heads were not significantly different whenand decreasing Fv/IFm in apples, suggestingunmarketable.
measured through either of the two films usethat ethanol accumulation in plant tissue and Results from this study indicate that chlo-
(DeEll, unpublished data). Storage duratiotthylakoid membranes reduces the exciton emephyll fluorescence is a rapid, nondestructive
interacted with bag type, as the differences iargy transfer of photosystem II. technique that can be used to evaluate the
fluorescence between the two bag types in- Ethanol does not accumulate in broccolguality of broccoli during MAP without breach-
creased as storage time increased. until 3 d of storage in PD-961EZ bags whering the package seal. They also suggest that

Changes in chlorophyll fluorescence mayheld at °C, but at this point levels accumulatechlorophyll fluorescence has potential for use
be associated directly with the high Ggn-  precipitously (Toivonen, unpublished data)as an indicator of quality for any chlorophyll-
centrations, as similar fluorescence changesirhe abrupt reduction inik between 2 and 4 d containing product held in MAP, and this
response to COhave been found in maize (Fig. 2), as well as the commencement odpplication warrants further research.
(Zea mayd..) (Ireland et al., 1984), spinachreductions in the other fluorescence param-
(Spinacia oleraced..) (Furbank and Walker, eters for broccoli in the PD-961EZ bags, re-
1986), and barleyHordeum vulgaré.) leaves flects such ethanol accumulation patterns, ) )
(Bukhov et al., 1997). Another possibility isEthanol accumulation in plant tissue affect§elll. G.. F. Mencarelli, and F. Guaraldi. 1984.
thatthe ethanol accumulation in the tissue mayiembrane function in anaerobic situations Short storage drassica oleracea. andBras-

. . sica campestrik. in different types of modified
affect the chlorophyll fluorescence r_esponse(.'l’owpnen, 1997), and changes in membrane atmospheres. Acta Hort. 157:177-184.
Prange et al. (1997) found that Fo increasefdnction affect fluorescence (DeEll et al..garmore, C.R. 1987. Packaging technology for fresh
and Fv/Fm decreased in apples subjected tal@99). Therefore, the fluorescence changes and minimally processed fruits and vegetables.
stressful low Qatmosphere (0.07 kPa). DeEllreported in this study are probably linked J. Food Quality 10:207-217.
et al. (1999) postulated that this probably redirectly to membrane modifications inducedBeveridge, T. and N.B. Day. 1991. Respiration of
sulted from a disassociation of the light harin the tissues by ethanol. sweet cherries determined in sealed, imperme-
vesting complex (LHC) and the reaction cen-  Our results indicate that chlorophyll fluo- ~ able containers. Can. Inst. Sci. Technol. J.
ters of photosystem Il in the thylakoid mem-+escence is a good indicator of anaerobic reg: k‘r;]'213'2é7' h dR.C ier 199
branes. Such a disassociation would reduggration in broccoli during MAP storage. This uTr(])v,N. »N.Boucher, andR. Carpentier. 1997,
. . . . . e correlation between the induction kinetics

the probability of energy transfer into photo-technique showed that broccoli h_eld |r_1the PD- fthe photoacoustic signal and chlorophyll fluo-
system II, and thus less of the absorbed ener§$1EZ bags had developed physiological prob-  rescence in barley leaves is governed by changes
would be available for exciton energy transfelems, even though its appearance was not in the redox state of the photosystem Il acceptor
(lower Fv/Fm) and more would be given off asaffected (Table 1). Without using chlorophyll  side. A study under atmospheric and high,CO
stray fluorescence (higher Fo). Prange et dluorescence measurements, the quality of the concentrations. Can. J. Bot. 75:1399-1406.
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