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Abstract ‘Heritage’ raspberries (Rubus idaeud.. ) were sealed in low-density polyethylene packages and stored at 0, 10,
and 20C during Fall 1990 and 1991 to study respiratory responses under modified atmospheres. A range of steady-state
O, and CO, partial pressures were achieved by varying fruit weight in packages of a specific surface area and film
thickness. Film permeability to O,and CO, was measured and combined with surface area and film thickness to estimate
total package permeability. Rates of Quptake and CQ, production and respiratory quotient (RQ) were calculated using
steady-state Qand CO, partial pressures, total package permeability, and fruit weight. The Quptake rate decreased with
decreasing Q partial pressure over the range of partial pressure studied. The Michaelis-Menten equation was used to
model O, uptake as a function of Q partial pressure and temperature. The apparentK (K, ) remained constant (5.6 kPa

O,) with temperature, while Q,; was estimated to be 1.9. RQ was modeled as a function of f@artial pressure and
temperature. Headspace ethanol increased at RQs >1.3 to 1.5. Based on RQ, ethanol production, and flavor, we
recommend that raspberries be stored at Qlevels above 4 kPa at 0C, 6 kPa at 10C, and 8 kPa at 20C. Steady-statg CO
partial pressures of 3 to 17 kPa had little or no effect on Quptake or headspace ethanol partial pressures at 20C.

Raspberries are a very perishable commodity, partly due to higimentative metabolism can be measured as an increase in the
respiration and transpiration rates, a morphology that predispasspiratory quotient (RQ), since ethanol production involves de-
them to crushing, and susceptibility to gray mold fruit rot. Techarboxylation of pyruvate without @ptake. Burton (1978) re-
niques providing even a short extension of shelf life could havpated thatraspberries stored in 2% to 3%&eloped off-flavors.
profound effect on fresh-marketing raspberries. Exposing raspliggaudry et al. (1992) found that the criticgl&vel for blueberries
ries to CQlevels of 20% or greater has been shown to delay giagfined as the partial pressure gf@which an increase in RQ
mold decay and extend shelf life (Goulart et al., 1992; Smith, 198&s noted) increased with temperature. A description of changes
Winter etal., 1939). Elevated Glas also been shown to improven the critical lower Qlimit for raspberries with temperature has
firmness of strawberries (Smith, 1992). No research has get been previously reported.
demonstrated a beneficial effect of reducgdaDraspberries. Several authors have assumed that elevateg] Jkgﬁffects the

Modified-atmosphere (MA) packaging may provide suitabl®, uptake rate of fresh produce (Hayakawa et al., 1975; Henig and
atmospheres to extend the shelf life of raspberries. In an NBbert, 1975; Lee et al., 1991; Song et al., 1992), although there
package, steady-state package partial pressurgs{[ﬁzq%kg) and s little evidence for this assumption. We addressed this question
CO, ([COZ]pkg) are achieved when fruit @ptake and C¢produc- by generating a range of JQ and [CQ]pkg levels using MA
tion rates are equal to the rates ga@d CQflux through the film  packages (Beaudry et al., 1552; Cameron, 1990) and adding CaO
(Beaudry et al., 1992; Cameron et al., 1989). as a CQabsorber to a similar group of packages. Thus, it was

In an MA package, [Cg)‘Dkg cannot be elevated without somgpossible to determine Quptake as a function of B%kg in the
reduction in [Cg]pk since it is impossible to reduce the COpresence and absence of generated CO
permeability of a film without also decreasing itgg@rmeability. The main objective of this study was to investigate the influ-
The extent of the reduction in,@nd elevation of CQlepends on ence of [Q] kg [COZ]pkg, and temperature on,@ptake and CO
the relative Quptake and C@production rates of the fruit and theproduction rates and on, @artial pressure at the RQ breakpoint
permeability of the polymer barrier tg @d CQ. Thus, to design for ‘Heritage’ red raspberries using the technique described by
an MA package for raspberries with an eIevatedZIpQgO it is Beaudry et al. (1992). Another objective of this study was to
necessary to know the G@roduction and Quptake rates as compare the respiratory behavior of fruit harvested at different
influenced by reduced @nd elevated C(partial pressures.  times in the season.

When Q around fruit falls below some critical level, there is a
shift to fermentative respiration (Kader, 1986). The extent of Materials and Methods

_— Plant material On 20 Sept. 1990, 15 Oct. 1990, and 9 Sept.
Received for publication 11 June 1993. Accepted for publication 15 Dec. 192@91, ‘Heritage’ red raspberries were hand-harvested from Gibb’s

Mention of a trademark, proprietary product, or vendor does not constitut ; ; ; ;
guarantee or warranty of the product by Michigan State Univ. and does not imﬁarm In Onondaga’ Mich., and spread three to four berries deep In

its approval over other products or vendors that may also be suitable. The coé)d{?flers containing ice. A sheet of plastic film was placed over the
publishing this paper was defrayed in part by the payment of page charges. Uigito prevent direct contact. After being transported to Michigan
postal regulations, this paper therefore mustbe hereby nattkedisemergolely ~ State Univ., the fruit were sorted for consistent color and absence
}%('e”dt'caftf:th'; g"‘?t- of defects and mold and packaged within 8 h of harvest.

p, of oad Science. Packaging During Sept. 1990, fruit weights €5, 7.5, 10, 12.5,

2Current address: Citrus Research and Education Center, Florida Dept. of Citrus, k
700 Experiment Station Rd., Lake Alfred, FL 33850. 15,17.5,22.5, 27.5, 37.5, and 50 g were sealed in packages made of
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low-density polyethylene (LDPE) (Dow Chemical, Midland, Mich.100; Hach Co., Loveland, Colo.) equipped with a porous polymer
and placed at0or 10C. Fruitweights®f10, 12.5, 15,17.5, 20, 22.5column (Haysep 80/100; Alltech Assoc., Deerfield, Ill.) and a
25, 30, 37.5, and 45 g were sealed into packages placed at 20Cfldoe ionization deterctor. Column temperature was 120C and the
packages at 0C, film thickness was 3 mil (61§ and film surface flow rate of the N carrier gas was 100 ml-minFor standards,
area was 300 ch{10x 15 cm). For packages at 10 and 20C, filrmthanol solutions were prepared in volumetric flasks and sealed
thickness was 2 mil (52jim) with the same surface area. with serum caps. Peak area increased linearly with the concentra-
In Oct. 1990, fruitweights 6f3, 5, 7.5, 10, 12.5, 17.5, 22.5, andion between 50 and 5000 ppm (data not shown). The headspace
30 g were sealed into packages and placed at 10 or 20C. Surbacgal pressure over 1000 ppm at 22C was calculated to be 7.5 Pa
area and thickness were the same as the September harvest(lfarger et al., 1950).
and six replications per target weight were used in the October ané&thanol analysis of the fruit harvested in Sept. 1990 at 20C
September experiments, respectively. showed a large variability among replicated packages. To reduce
To reduce crushing, the fruit were placed on ax712.7-cm variability in subsequent experiments, the time from sampling to
note card encircled by a cellulose acetate strip{3®x 0.0508 analysis was minimized and needles were checked to ensure that
cm), which prevented contact with the upper film. A gas samplitigey were not plugged with silicone from the sampling septum.
septum was attached to each package consisting of a dab of silicor¥éhe time to reach steady-statgad CQlevels was monitored
sealant on a short strip of electrical tape (Boylan-Pett, 1986).in separate packages containing the lowest and highest fruit
For the 1991 experiment, packages were constructed of 2awgights for each storage temperature. When no further change in
(52.14m) LDPE film with a surface area of 400 £(h0x 20 cm [Oz]pkg and [CQ]pkg was detected in these packages, gas analysis
x two sides). Target weights were 5.5, 13.5, 18, 28, and 48 g, withs performed on all packages at that temperature. All gas analy-
eight replications per target weight. A ¥012-cm spunbonded ses were performed after 12 days at 0C, 7 days at 10C, and 3 days
polyethylene pouch (Tyvek type 1059B, Du Pont, Wilmingtomt 20C.
Del.) was constructed containing CaO (98%, Aldrich, Milwaukee) Respiration rates were calculated using the following formulae:
as a CQscrubber (1 g Ca0O/10 g fruit). A pouch was included in
a second group of packages at each weight.
Film permeability Film permeability was measured for three
film samples taken from various locations in the 2- and 3-mil rolls Ro, =
using the system described by Beaudry et al. (1992). Each sample
was individually sealed in a permeability cell and submerged in a
water bath. The permeability cell contained two chambers that
were separated by the film sample. A gas mixture air@d CQ Po, A ([co [CO
was directed into one chamber and puy@as was directed into - 2lpkg ~[COzlam) [3]
the other (100 ml-mi). The appearance of,@nd CQ was 0, w
continuously monitored in the Ntream using a sequential ar-
rangement of O(S-3A/Il with a calcia-zirconia electrochemical
detection cell; Ametek Co., Thermox Instrument Div., Pittsburgihere R, and Ro, are Q uptake and CQproduction rates
and CQ (ADC 225-Mk3; Analytical Development Co.,(mmol-kg*h™), respectively; B, and Ro, are permeability coef-
Hertfordshire, England) analyzers. By altering water bath tem-
perature, permeabilities were measured at 5C increments betwédfe 1. Activation energies (F Arrhenius constants (4 and
0 and 30C. Each film sample was measured over the entir&0efficients of determinatiorr) for 52.1- and 76.G:m LDPE
temperature range three to five times. ilms. Values were obtained from linear transformation of data

. - . . sing the equation,B A x exp(—E/RT), where Pis permeability
The Arrhenius equation was used to describe permeation o o I N
gases through polymers and can be expressed as ro O, or CQ, (mmol-cm cnT* per hp(_er kPa), Eis the activation
energy of Q or CQ, permeation (kJ-mdl), and R is the gas constant

(0.008314 kJ-mot-K™) (Pauly, 1989).

Po, A
X ([02] am ™ [02] pkg) [2]

w

- E
R=A - expl-gr) [ Eim
thickness E
where Hs permeability to Qor CQ (mmol-cm*-cnper h per kPa); (um) Variable (kJ-mof) A, r2
E, is the energy of activation of Or CQ permeation (kJ-mgd); and 521 R, 38.1 0.131 0.945
R is the gas constant (0.008314 kJ-#t") (Pauly, 1989). 52.1 Ro, 356 0.218 0.957
R . IVsi f d f dd 76.6 R, 36.7 0.700 0.968
egression analysis was performed on transformed data,do Ro, 35 3 0.177 0.971

estimate values of Ethe Arrhenius constant Aand coefficients
of determination (Table 1).

Gas analysis and respiration rate calculatiohteadspace O Table 2. Whole-package,@nd CQ permeabilities (B, A/Ax and Ro,
and CQ partial pressures were determined by withdrawing two x A/Ax, respectively) for the packages used in these experiments at 0,
0.5-ml samples from packages using an insulin-type syringe and0, and 20C. Appropriate values were substituted into Egs. [2 and 3]
injecting them into an Ngas stream (150 to 200 ml-nifiow to calculate Quptake and COproduction for fruit at 0, 10, or 20C.
rate), which was connected to the sequentjaid CQanalyzers

described above. Response time was 10 sec per sample. A tTh‘?F‘&p Fo, * VX - PC?ZX AJB

sample was taken if readings for the first two samples differed.<) (mmol-h™-kPa’) Pco,/Po,
Headspace ethanol partial pressures were determined in @wo 2.44x 10* 1.20x10° 491

0.5-ml samples withdrawn from the package headspace usiid a 6.97x 10* 3.44x10° 4.94

glass syringe (0.5-ml Gastight-1750; Hamilton Co., Reno, Ne\2$. 12.11x 10" 5.77x 10° 4.76

Gas analysis was performed on a gas chromatograph (Carle Series

J. AvER. Soc. HorT. Sci. 119(3):540-545. 1994. 541



ficients for Q and CQ (mmol-cm*-cn? per h per kPa), respec- R0 T/10 [0,

tively; A is film area (crf); Ax is film thickness (cm); [@,, and Ro, =2 Pkg 6]

[O] are atmospheric and packagg f@rtial pressures (kPa) 2 K1/2+ [OZ]pkg

respectlvely [Cg » and [CQ]_ are package and atmospherlc

CO, partial pressures (kPa), respectlvely and W is fruit weight A nonlinear regression anaIyS|s to estimate the value§ of K

(kg) (Beaudry etal., 1992). Values ¢f,R A/Ax and Ro, x AI/AX  Q,, and R*°was conducted using SAS (SAS Institute, 1989)

at 0, 10, and 20C are given in Table 2. software using the data set from the September-harvested fruit at

0, 10, and 20C. K, was 0r|g|nally modeled to change as a function

The relationship of Quptake to [Q] ,, and temperature wasof temperature, but regression analysis revealed that it was con-

fitted using the Michaelis-Menten equatlon stant over the temperatures studied.
The RQ was calculated ag&/Ro,. The relationship between
Ve [0l RQ, steady-state QOand temperature was fitted with the model
Ro2 = K s * [Oslore [4]
1/2 pkg
K,,,inthis equation was substituted for the standanddfation [OZ]pkg

because this estimate is an apparendihe entire fruit that also
takes into account skin resistance to gas diffusion and perhapblonlinear regression analysis was conducted using SAS soft-
other factors. ware to estimate the values of q and r. Eq. [7] was derived

V__ was modeled as a function of T using the @ncept: empirically and was fo.u.nd to fit the data reasonably. _
No postharvestfungicide treatments were used on these fruit. Data

Vimax = jox‘o -Qpg° [5] was not taken from packages with obvious holes or moldy fruit.
where Rj)*is the maximum Quptake at OC and T is temperatuf€in Results
Substituting Eq. [5] into Eq. [4] yielded Steady-state ) CQ,, and respiration ratesIncreasing fruit
weight in a package decreased steady-stgtan@ increased
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Fig. 1. Effect of raspberry fruit weight on steady-statg(€rcles) and CQ
(triangles) partial pressures for September- (open symbols) and October- (clé$gd2. Interdependent effects of steady-stajepétial pressures and storage
symbols) harvested raspberries sealed in LDPE packages where A =380 cm temperature on the calculated rate gtitake for September=l) and October-

= 52.1um for packages at 10 and 20C, and A = 306, &x = 76.6um for (O) harvested raspberries sealed in LDPE packages. See Eq. [6] and Table 3 for
packages stored at OC. the equations and constants describing the curves.
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steady-state C(at 0, 10, and 20C (Fig. 1) and resulted in a ran&® (Figs. 3 and 4). For each harvest and temperature, headspace
in [02]pkg from <1 to 10 kPa at OC and 1 to 12 kPa at 10 and 2@thanol was relatively low at RQs bels®.3 and increased at RQs
Steady-state [Cg])pk ranged from 1to 10 kPa at 0C, 1 to 13 kPaat. 3to 1. 5 (Fig. 5). September-harvested fruit at 20C had highly
10C, and 1 to 14 kPa at 20C. The range git@ach fruit weight variable headspace ethanol partial pressures (Figs. 4 and 5), which
indicates the variability in [kag, which is expected as a consemay have been due in part to sampling errors (see Materials and
guence of variability in respiration. Methods ).

A decrease in [g)pk slowed R, (Fig. 2) at all temperatures, K Packages with and without Cat packages containing CaO,
,was 5.5&0.40kPa é)and was constant with temperaturg) R° [COZ]pk was 0.1 kPa or less, while in packages without CaO,
was estimated to be 0. 8220.04 mmol-kg-hr* and Q; was [COZ]pkgranged from 3to 17 kPa (Fig. 6).]JQ was essentially the
estimated to be 1.920.06. Ry, of the October-harvested fruit wassame for packages with and without Ca (gFig. 6) . Thetor G,
consistently higher than that of the September-harvested fruit (kigtake were 4.09s€ + 0.84) and 4.31sg £ 0.60) kPa Qfor
2), although the differences were not significant. packages with and without CaO, respectively;*Rvalues (Q

The RQ increased gradually aszlp(gg decreased from 10 to 6uptake mmol-kg-hr?) were 3.094e+ 0.26) and 3.62€+ 0.22) for
kPa and climbed more rapidly at IowerzLQg levels (Fig. 3). RQ packages with and without CaO, respectively. These were not

varied with [Q] g &S follows: significantly different at the 95% confidence level. Headspace
ethanol vapor was also similar for packages with and without CaO
1.43 - exp(0.053T) (Fig. 6), and there was no evidence to suggest that the presence of
RQ= (0] +1 [8] CO,caused a change in the critical lowerlidit.
pkg
Discussion

Rco, as afunction of [kag can be calculated by multiplying the

equation for RQ ([Eq. 8]) by the equation foyuptake ([EqQ. 6]).  Thg effect of elevated C@artial pressure on the respiration
Headspace ethanol partial pressures followed a trend similar to
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Fig. 3. Effect of steady-state, artial pressure and storage temperature on tiiég. 4. Interdependent effects of steady-stajep@tial pressure and storage
respiratory quotient of Septembel} and October-[{) harvested raspberries temperature on headspace ethanol vapor partial pressure for Septéhbed (
sealed in LDPE packages. See Eq. [8] for the equation and constants describ®ctober- () harvested raspberries sealed in LDPE packages. Note thatlDPa
the curves. ul-liter. Ethanol was measured after 12 days at 0C, 7 days at 10C, and 3 days at

20C.
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rate of a fruit or vegetable depends on the commaodity and leveingf O, at 10 and 20C with no clear breakpoint (Fig. 4). At OC,
CO, used (Kidd, 1916; Kubo et al., 1990; Mangin, 1896; Thorntoethanol production increased relatively sharply afelDbelow 3
1933). Some general models describing@ake of fresh produce kPa. In general, ethanol production did not increase substantially
in MA atmospheres have been based in part on the assumptionuthgltthe RQ rose above 1.3 to 1.5 (Fig. 5), which approximately
elevating CQ partial pressure to any level will inhibit, @ptake corresponded to Qevels of 3to 4 kPaat0C, 5to 6 kPaat 10C, and
(Hayakawa et al., 1975; Henig and Gilbert, 1975; Lee et al., 198%p 8 kPa at 20C (Fig. 3).
Song et al., 1992). Elevated Clias been reported to reducg O RQ levels >1.0 without substantial ethanol production may
uptake in some climacteric fruit (Kerbel et al., 1988; Kubo et ahave been due to the use of organic acids as the primary respiratory
1990; Young et al., 1962). For raspberries, there was no evidesugastrate or localized fermentation combined with partial ethanol
that CQ partial pressures of 3 to 17 kPa altered thegiake rate metabolism. The correlation between RQ, headspace ethanol, and
(Fig. 6). The Quptake rates of blueberries and grapes have bemereasing Qobserved at 10 and 20C (Figs. 3-5) supports the
shown to be unaffected by Cartial pressures up to 20 kPa (R.Mlatter explanation, while at OC, the gradual increase in RQ con-
Beaudry, 1993; Kubo et al., 1990). We found that an elevatgd @@sted with the sharp break in ethanol production (Fig. 5) may
of 20 kPa had little if any effect on,@ptake by ‘Heritage’ red indicate that organic acid oxidation results in an RQ increase up to
raspberries in reduced;@tmospheres (unpublished data). Thus,level of=1.3.
O, uptake by raspberries in our MA packages could be describedn informal taste tests, we noted off-flavors wheriévels fell
as a function of Qpartial pressure and temperature only ([Eq. 6Pelow=3 kPa at 0C and5 kPa at 10 and 20C. This approximately
Beaudry et al. (1992) found that the anaerobic RQ breakpaiotrelated with the (partial pressure at which RQ exceeded 1.3 to
was sharply defined for blueberries and, on this basis, they wkke at each temperature. We recommend, based on RQ, ethanol
able to identify lower Qlimits as a function of temperature. For

raspberries, RQ increased gradually with decreasipgviiich 20 . T . T
made it difficult to define a clear lower,@mit based on RQ [ O without Ca
breakpoint (Figs. 3 and 4). In addition, RQ of aerobic fruit at 0C X v with CoO 8 ]
was=1.0, whereas, at 10 and 20C, aerobic fruit had an RQ.8f o 15 7
(Fig. 3). Ethanol production also increased gradually with decreas- % i :
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Fig. 6. Effect of raspberry fruit weight on steady-stajai@ CQ partial pressures

Fig. 5. Relationship of headspace ethanol vapor partial pressure and the respiratangl on headspace ethanol vapor partial pressure in sealed packadgéayavith (

quotient measured for Septembei-) @nd October-[{) harvested raspberries without (O) CaO where A = 400 chandAx = 52.1um LDPE. Packages were
sealed in LDPE packages and stored at 0, 10, and 20C. held at 20C.
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production, and flavor, that raspberries be held,d&¥@ls above 4  raspberry shelf life at 0 or 18C. J. Amer. Soc. Hort. Sci. 117:265-270.

kPa at OC, 6 kPa at 10C, and 8 kPa at 20C to avoid fermentdtigeger, R.N., B.B. Raney, E.G. Birdwell, and M.F. Kitchel. 1950. The

induction and off-flavors. It should be noted that raspberries are vepgrtition ratio of alcohol between air and water, urine and blood;

sensitive to reduced.@vels. For instance. the fermentative induc-Estimation and identification of alcohol in these liquids from analysis of

tion point for blueberries at 0C was found to be 0.5 kPa (Beaudqq%'f ekqumbrated with them. ‘]'dB'Ol' Chﬁam' 183'197_213] ; g
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molds and extends shelf life of raspberries (Goulart et al., 1993 €chnol. 40(5):99-104. _
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polymer films have a higher permeability to @@anto Q(Pauly,  (London) 89:136-156.
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shelf life of raspberries (data not shown). Oxygen diffe88% Lee, D.S., P.E. Haggar, J. Lee, and K.L. Yam. 1991. Model for fresh
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perforation to Qis 1.3 times higher than its permeability to CO_€nzyme kinetics. J. Food Sci. 56:1580-1585.

: : ngin, L. 1896. Sur la vegetation dans une atmosphere viciee par 1 a
(Nobel, 1991). If a package were designed by selecting an aer%spiration. Compt. Rend. Acad. Sci. (Paris) 122:747-749.
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