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SUMMARY. The use of ultraviolet fluorescence to identify freeze-damaged navel
oranges (Citrus sinensis) was evaluated using fruit harvested following a natural
freeze that occurred in California in Jan. 2007. Navel oranges were harvested after
the freeze from 14 sites that were previously determined to have a slight to moderate
amount of freeze damage. The fruit were evaluated for the presence of small yellow
spots characteristic of freeze damage that fluoresce when viewed under a ultraviolet-
A (365 nm) source and were then cut and rated using a method currently used by the
California Department of Food and Agriculture (CDFA) to determine the presence
of internal freeze damage. The percentage of freeze-damaged fruit in each lot as
determined by the CDFA method ranged from 0% to 89%. The accuracy of
classifying fruit as freeze damaged in each lot by peel fluorescence averaged 44%,
with the fruit lots containing the greatest amount of freeze damage having the
highest classification percentages. False-positives occurred at a lower rate than false-
negatives among the lots. Although some fading was evident, the fluorescence
persisted and was readily visible for at least 9 weeks after the freeze event. Removal
of fruit with ultraviolet peel fluorescence was ineffective in reducing the percentage
of damaged fruit within the examined lots. In the second part of the test, eighteen
lots of potentially freeze-damaged fruit were obtained from a packing house,
immediately evaluated for freeze damage using ultraviolet light, and then after 4
weeks of storage, were evaluated again using the CDFA method. Fruit that had a
slight to moderate degree of freeze damage were tasted and evaluated for sensory
characteristics. Both methods of freeze damage detection were poorly related to the
sensory characteristics.

T
he marketability of navel
oranges can be severely re-
duced by exposure to freezing

conditions in the field. Ice crystals
forming within the fruit damage the
membranes of the juice sac cells and
lead to enhanced water loss through
the peel when thawed (Syvertsen,
1982). Over time, this water loss will
cause the fruit to have a dry texture
and to become unacceptable. In addi-
tion, freezing can cause a loss of flavor
quality by initiating the accumulation
of bitter limonoid compounds within
the fruit (Manners et al., 2003).

The degree of freeze damage to
the fruit of a particular orchard sub-
jected to mild to moderate freezing
conditions usually cannot be readily
determined by the eye as navel or-
anges often do not show obvious in-
jury to the peel surface following
a freeze (Bartholemew et al., 1950).
In California, regulations from the
California Department of Food and
Agriculture mandate that fruit from
suspected freeze areas be cut and
rated for internal symptoms of freeze
damage following a freeze event (State
of California, 2008). The CDFA
method for determining if a particular
lot of fruit can be legally packed and
sold depends on visual inspection
of cut fruit for symptoms of freeze

damage, such as soaking of the seg-
ment walls and the presence of hes-
peridin crystals. Up to 15% of the fruit
in a lot can be damaged and the lot
can still be legally marketed. The
subjectivity and difficulty in imple-
menting the CDFA methodology for
determining freeze damage makes it
likely that damaged fruit sometimes
enter the marketplace following a freeze.
In addition, the destructive nature of
the test means that only a sample of
fruit can be tested, not each individ-
ual fruit. Two weeks or more after a
freeze, the degree of internal dehydra-
tion may reach a point where separa-
tion of damaged fruit can be achieved
on the packing line by using the spe-
cific gravity differences between dam-
aged and undamaged fruit (Miller
et al., 2006). This means of freeze
damage detection cannot be done
immediately after a freeze, and is prob-
lematic when there are fruit of differing
shapes and peel thicknesses within indi-
vidual lots of fruit being examined.

Recently, it was reported that
small (1–2 mm) bright yellow fluo-
rescing spots are visible on the peel
surface of freeze-damaged navel
oranges when viewed under a long-
wave ultraviolet source (Slaughter
et al., 2008). It was proposed that
the spots are due to the rupture of oil
glands during the freeze and subse-
quent thaw, and the migration of
tangeritin, a fluorescing component
of the oil, closer to the peel surface,
allowing it to be visible under ultra-
violet illumination. We have observed
that other types of injury that can
cause oil release, such as oleocellosis
or mechanical abrasions, also fluo-
resce but produce a distinctly differ-
ent appearance from the very small
dot pattern associated with freeze
damage. Slaughter et al. (2008) used
fruit that had been frozen using
laboratory-simulated freezes (due to
the unavailability of naturally frozen
fruit) to evaluate the use of peel fluo-
rescence to detect freeze-damaged
navel oranges. Although the tests
showed peel fluorescence to be a
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rapid, nondestructive method of clas-
sifying navel oranges as damaged or
not damaged and well suited for use
as an automated sorting method on
the packing line, it was recognized
that additional experimentation using
naturally frozen navel oranges would
be necessary to fully evaluate the peel
fluorescence methodology. The 2007
freeze provided the opportunity to
test naturally frozen fruit when cold
weather damaged a significant por-
tion of the California navel orange
crop. This research documents the
relationship between CDFA-scoreable
freeze damage, peel ultraviolet fluo-
rescence, and sensory quality of field
harvested navel oranges following the
Jan. 2007 California freeze.

Materials and methods
FIELD FREEZE DAMAGE SURVEYS.

On 12–16 Jan. 2007, freezing con-
ditions occurred in California that
caused extensive damage to the citrus
crops. Following the freeze, 14 loca-
tions were identified within Fresno
and Tulare counties that potentially
contained freeze-damaged navel or-
anges for use in evaluating the peel
fluorescence freeze damage detection
method. Selection of the locations
was accomplished by randomly cut-
ting fruit in the field and looking for
early signs of freeze damage, such as
hesperidin crystals, ruptured juice
sacs, or a water-soaked appearance
internally in the fruit. Severely damaged
groves were avoided as this degree of
damage would be easy to accurately
ascertain without the need for new
methodology. The fruit were

harvested for the first time immedi-
ately after freezing conditions or from
14 to 35 d following the end of
freezing, depending on the location
(see Table 1). Locations 1 to 4 and 8
were only harvested a single time,
while the remaining locations were
harvested every 3 weeks either a total
of two times (locations 9, 13, and 14)
or a total of three times (locations 5 to
7 and 10 to 12) to determine the
degree of persistence of the peel fluo-
rescence. Fifty fruit (size 55–88; 7.5–
8.5 cm in diameter) were taken from
each site at each harvest date, taking
care not to pick fruit that had obvious
defects such as ice marking (small
sunken spots on the peel surface),
sunburn, or evidence of thrip feeding.
Following harvest, the fruit were
transported to the Kearney Agricul-
tural Center (Parlier, CA) and were
further sorted to remove any remain-
ing defective fruit, leaving 33 to 50
fruit per site for evaluation.

After numbering each fruit, the
fruit were moved into a dark room
and were individually rated under
ultraviolet illumination (365 nm, Blak-
Ray� model B-100AP; UVP, Upland,
CA) using a five-point scale based on
the number of small, yellow fluores-
cent spots present on the peel surface
(Fig. 1). These spots had been pre-
viously shown to be characteristic of
freeze damage and are different from
other types of fluorescing marks, such
those due to mechanical damage that
are observed on the peel surface
(Slaughter et al., 2008). The scale
ranged from 1 (no spots) to 5 (greater
than 20 spots). Following storage

overnight at 20 �C, the same fruit
were cut and evaluated for freeze
damage using the official method
mandated by the CDFA (State of
California, 2008). All evaluators re-
ceived training from county inspec-
tors experienced in the evaluation of
freeze-damaged fruit. Soaking of the
segment walls and the presence of
hesperidin crystals were the primary
symptoms used to determine whether
a fruit was freeze damaged. Either of
these symptoms had to be present
along the entire length of both sides
of two segments for a fruit to be
declared damaged according to the
CDFA method (CDFA-damaged)
and unmarketable. We also recorded
when fruit had lesser amounts of
freeze damage that were under the
threshold needed to declare the fruit
damaged by the CDFA method. Indi-
vidual fruit were tracked so that the
amount of freeze damage could be
related to the peel fluorescence rating
previously given to that fruit.

TASTE PANEL EVALUATION OF

COMMERCIALLY PICKED FRUIT. Navel
oranges were obtained six times (7
Feb., 13 Feb., 21 Feb., 7 Mar., 21
Mar., and 4 Apr.) over a period of
8 weeks from field bins in a commer-
cial packing house beginning 3 weeks
after the end of the freeze event. The
delay in obtaining the fruit was neces-
sary to ensure that we would be
obtaining navel oranges that had been
exposed to the freezing conditions
and not fruit that had been picked
before the freeze. Three separate lots,
each lot representing a different grower,
were obtained on each sampling date,

Table 1. Comparison of the percentage of navel orangesz classified as freeze-damaged by the California Department of Food
and Agriculture (CDFA) method or navel oranges having any internal freeze damage before and after sorting for external peel
fluorescence using ultraviolet light at 365 nm for 14 separate locations.

Location no.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

DPF (d)y 0 0 0 0 14 14 14 14 28 21 21 21 35 35
Fluorescing fruit (%)x 44 41 26 59 12 9 52 36 67 33 12 15 9 52
Freeze damage before removal

of fluorescing fruit (%)
CDFA damagew 24 10 24 89 18 0 55 30 88 0 15 0 48 6

Any damagew 77 67 67 93 94 55 94 94 91 45 67 27 94 91
Freeze damage after removal

of fluorescing fruit (%)
CDFA damagew 26 5 19 86 17 0 50 24 73 0 14 0 50 6

Any damagew 82 63 70 97 93 50 94 95 82 36 69 29 97 88
zFruit were harvested (33–50 fruit/location evaluated) from 14 locations immediately after freezing conditions (0 d) or 14 to 35 d following the end of freezing. Data are from
the initial harvest of each location.
yDays past end of freezing conditions.
xPercentage of fruit with fluorescence on the peel surface (threshold rating ‡2 for all locations except location 5 where the threshold was ‡3) characteristic of freeze damage.
wPercentage of freeze-damaged fruit before and after removing fruit that were above the ultraviolet fluorescence threshold rating (‡2 for all locations except location 5 where
the threshold was ‡3). Fruit were classified as freeze-damaged using the CDFA rating scheme (CDFA damage) or were rated as having any type of freeze damage (Any damage).
Ratings for the CDFA were performed using segment evaluation as outlined in State of California (2008).
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with different growers being used for
each date. A total of 175 size 72 fruit
(8 cm in diameter) were randomly
selected for each lot from multiple
field bins, taking care to select fruit
free of ice marking, flat sides, sun-
burn, thrip marks, and other obvious
surface defects. Following selection at
the packing house, the fruit were
transported to the Kearney Agricul-
tural Center, sorted to remove any
remaining defective fruit, numbered
sequentially, and evaluated for peel
fluorescence. The following day the
fruit were washed and waxed with
Sta-Fresh� 2210 (FMC, Philadel-
phia) with 2000 mL�L–1 imazalil, us-
ing the packing line at the University
of California Lindcove Research and
Extension Center in Exeter, CA (45
miles from the Kearney Agricultural
Center). The fruit were then returned
to the Kearney Agricultural Center
where they were stored for 3 weeks at
5 �C, followed by 4 d at 13 �C and 3 d
at 20 �C to simulate a period of stor-
age and marketing. Humidity during
storage was maintained between 90%
and 95% relative humidity.

Following storage, fruit for taste
panel evaluation were each cut into six
equal latitudinal slices using a section-
izer (Sunkist, Ontario, CA), and the
four innermost slices were used for
tasting. Before tasting, the two inner-
most slices were examined for freeze
damage-induced drying, and the per-
centage of the surface area with dry-
ing was recorded for each fruit. This
evaluation was equivalent to the CDFA
transverse cut rating for freeze dam-
age as outlined in the CDFA

regulations (State of California,
2008). Fruit with severe drying
would have been impractical to taste,
therefore only fruit with less than 20%
of the surface of the inner slices
showing freeze damage were used
for tasting. This corresponded to
slight or moderate freeze damage that
would have passed CDFA grade
standards. When preparing the sam-
ples for tasting, the central core of the
slices was removed using a #8 (0.5-
inch diameter) cork borer and the
peel was removed by cutting a 1.75-
inch diameter circle from the center
of the slice using a leather circle
cutting tool. The resulting sample
was placed into a 1-fl oz soufflé cup
for presentation to the panelists
within 2 to 4 h of cutting. Before
presentation, the fruit were kept at 20
�C. Each panelist received eight sam-
ples prepared in this manner in each
tasting session. The sample presenta-
tion area consisted of individual,
three-sided booths with small doors
through which the samples were
given to the panelists. The panelists,
generally 15 to 20 individuals per test,
were very familiar with tasting citrus
and could be considered as experi-
enced. A brief training session out-
lining the procedures to be followed
was provided to all panelists. Samples
were evaluated using the nine-point
hedonic scale where 9 = like
extremely, 5 = neither like nor dislike,
and 1 = dislike extremely. The inten-
sity of off-flavor, bitterness, juiciness,
and fresh citrus flavor was scored
using 150-mm line scales. With these
line scales, a single mark was placed by
the panelist upon the scale length, the
position of the line indicating the
perceived intensity of the sensory
parameter. Distilled water was used
to cleanse the palate between samples.
Each navel orange was tasted by four
panelists. Tasting for each week was
conducted over a 3-d period, with
one grower lot being assessed each day.

A two-by-two contingency table
analysis with the right-sided, Fisher’s
exact test was used to determine if the
number of freeze-damaged fruit fol-
lowing selection using ultraviolet flu-
orescence was statistically significant
from the number of fruit within each
lot before selection. Data were sub-
jected to a one-way analysis of var-
iance within each lot to determine if
ultraviolet peel fluorescence ratings
changed over time for the field survey

portion of the experiment. Mean val-
ues within each lot were compared
using Tukey’s test to determine stat-
istical differences between means.
Kendall’s tau-b correlation coefficients
were calculated using mean values
from each lot to determine the rela-
tionships between ultraviolet ratings,
freeze damage, and sensory scores in
the taste panel portion of the test.

Results
FIELD FREEZE DAMAGE SURVEY.

Each of the 14 locations that were
believed to have been freeze damaged
had fruit with the ultraviolet fluores-
cence characteristic of freeze-damaged
fruit (Table 1). The percentage of
fruit with this type of fluorescence
ranged from 9% to 67%. Ratings of
these same fruit for freeze damage by
using the CDFA method also indi-
cated that a wide range of damage was
present in the various locations (Table
1). This enabled a comparison of the
peel fluorescence and CDFA methods
with lightly and heavily damaged
fruit. During evaluation of the fruit,
it was noted that there was often
freeze-related damage that was pres-
ent, such as a soaked appearance of
the segment walls, that did not reach
the threshold required to designate
the fruit as damaged according to the
CDFA method. This lesser type of
damage was also noted, and fruit that
were damaged to this degree grouped
with CDFA-damaged fruit to make a
separate category labeled ‘‘any dam-
age’’ in Table 1. This category con-
tained all freeze-damaged fruit, no
mater how slight the damage.

Testing the effectiveness of the
peel fluorescence method in detect-
ing freeze-damaged fruit was accom-
plished by noting the change in
percentage of CDFA- or ‘‘any dam-
age’’ fruit following removal from the
lot of fruit with peel fluorescence
characteristic of freeze damage (Table
1). For each lot, the ultraviolet peel
fluorescence rating used to designate
damage was used that minimized the
percentage of CDFA damage for that
lot. In all but the case of location 5
where the fluorescence rating cutoff
for selection was ‡3, selecting fruit
with any fluorescence at all (rating ‡2)
was the most effective means of re-
moving damaged fruit from the lot.

Sorting out fruit with peel fluo-
rescence did not decrease the percen-
tages of CDFA- or ‘‘any damage’’ to a

Fig. 1. Typical small yellow fluorescent
spots visible under ultraviolet light on
the peel surface of a navel orange
following freezing and thawing.
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statistically significant degree (P £
0.05) in any of the lots from the 14
locations. Although it varied by loca-
tion, overall, only 44% and 35% of the
CDFA- and ‘‘any damage’’ fruit, re-
spectively, were correctly classified by
peel fluorescence (data not shown).
These classification rates tended to be
higher for locations with greater per-
centages of ultraviolet fluorescence
present, even though they never
exceeded 72%. Undamaged fruit were
classified at higher percentages, aver-
aging 72% and 66% for the CDFA and
‘‘any damage’’ scoring systems, re-
spectively (data not shown).

It had been previously observed
in our laboratory that peel fluores-
cence could be seen on artificially
frozen fruit stored at 5 �C for many
weeks following a freeze treatment.
As it was of interest how long peel
fluorescence would persist under field
conditions with fruit remaining on
the trees, fruit were harvested from
affected groves at 3-week intervals
and were rated under ultraviolet light
(data not shown). Locations 5 to 14,
with the exception of location 8,
which was only sampled a single time,
were all harvested at least two times.

Although it was noted that the ultra-
violet fluorescing spots became more
diffuse and dimmer over time, the
spots could still be readily seen at
the end of the rating period. In only
two of the nine locations were there
statistically significant declines in the
ultraviolet peel fluorescence rating as
a result of the passage of time, indi-
cating that the fluorescence tended to
be very persistent, even after 9 weeks
following the freeze.

S E N S O R Y E V A L U A T I O N O F

COMMERCIALLY HARVESTED FRUIT.
Because the CDFA method, and seg-
ment cutting especially, is a subjective
and error-prone means of freeze dam-
age and fruit quality evaluation, it
makes a rather poor basis for evaluat-
ing the success of a new fruit evalua-
tion method. As taste is a critical
measure of fruit quality that is known
to also be negatively affected by freez-
ing (Manners et al., 2003), it was
decided to address this problem by
assessing taste in addition to measure-
ments of peel fluorescence and CDFA
damage. Because it was not feasible to
taste fruit with severe drying, fruit
with more than 20% drying, as judged
by a longitudinal cut through the

center of the fruit, were excluded
from tasting. Table 2 presents results
from these evaluations performed on
18 lots of commercially harvested
fruit. The mean percentages of CDFA
freeze damage in the individual fruit
within the lot after removal of the
severely damaged fruit ranged from
0% to 12.5%. Peel ultraviolet fluores-
cence ratings were unrelated to any of
the sensory parameters (Table 3).
Measurements of the percentage of
CDFA freeze damage were signifi-
cantly related to the hedonic score
and juiciness, but the relationship was
not a strong one as evidenced by the
low correlation coefficients for these
two sensory characteristics.

Discussion
Fruit lots that had the highest

levels of internal freeze damage gen-
erally had large amounts of fluorescence
visible under ultraviolet illumination,
and fruit in these lots tended to be
more accurately classified as being
damaged than in lots with lesser dam-
age. However, even in the best case
(location 9), there was only a reduc-
tion of 15% in CDFA damage as a
result of sorting out fluorescing fruit

Table 2. Freeze damage in commercially harvested navel orange lotsz as evaluated by a California Department of Food and
Agriculture (CDFA) cutting protocol and the associated peel fluorescence and sensory parameters for each lot.

Harvest
date

CDFA
damagey

(%)

Fluorescence
ratingx

(1–5 scale)

Hedonic
scorew

(1–9 scale)

Off flavorv Bitternessv Juicinessv
Citrus
flavorv

(1–150 mm scale)

-------------------------------------------------------------Mean (SE) ------------------------------------------------------------

7 Feb. 2.7 (0.7) 1.2 (0.10) 4.8 (0.2) 83.3 (4.2) 108.9 (3.8) 95.5 (2.8) 68.8 (3.4)
7 Feb. 2.1 (0.8) 1.1 (0.04) 5.1 (0.2) 85.0 (1.8) 118.6 (2.8) 103.3 (3.1) 80.2 (2.5)
7 Feb. 5.0 (1.0) 1.2 (0.08) 5.1 (0.2) 84.9 (4.2) 121.5 (3.1) 103.3 (2.9) 81.8 (3.2)

13 Feb. 12.5 (1.3) 1.1 (0.07) 5.1 (0.2) 81.0 (3.9) 100.3 (2.5) 79.3 (3.4) 69.8 (4.3)
13 Feb. 3.6 (1.0) 1.0 (0.00) 5.8 (0.2) 96.4 (3.9) 114.0 (3.4) 114.3 (2.2) 92.6 (4.3)
13 Feb. 1.1 (0.7) 1.0 (0.03) 5.3 (0.2) 88.0 (3.3) 121.8 (3.3) 116.2 (1.5) 86.2 (3.8)
21 Feb. 2.3 (1.0) 1.2 (0.13) 5.4 (0.2) 86.3 (4.5) 129.7 (2.8) 117.8 (1.4) 92.1 (3.2)
21 Feb. 2.0 (0.9) 1.2 (0.08) 6.2 (0.1) 107.4 (2.8) 117.6 (3.6) 115.2 (2.2) 102.7 (2.4)
21 Feb. 9.6 (1.3) 1.8 (0.22) 5.1 (0.2) 100.9 (3.0) 120.5 (3.1) 91.2 (3.1) 84.9 (2.6)
7 Mar. 4.5 (1.3) 1.4 (0.18) 5.3 (0.2) 86.9 (3.3) 111.4 (4.4) 89.8 (3.3) 78.6 (3.6)
7 Mar. 0 (0.0) 1.1 (0.03) 5.9 (0.2) 98.5 (2.5) 119.2 (3.1) 108.8 (2.0) 91.5 (2.8)
7 Mar. 0.1 (0.1) 1.2 (0.11) 5.8 (0.2) 103.3 (2.1) 129.7 (2.2) 113.3 (2.3) 91.7 (2.8)

21 Mar. 2.0 (1.1) 1.0 (0.04) 5.5 (0.2) 93.4 (4.6) 123.0 (3.1) 104.0 (2.9) 92.5 (3.5)
21 Mar. 1.4 (0.5) 1.1 (0.06) 5.7 (0.2) 89.0 (4.7) 131.7 (2.4) 103.3 (4.0) 91.4 (3.8)
21 Mar. 2.3 (0.7) 1.0 (0.03) 5.9 (0.1) 102.2 (2.8) 121.0 (2.4) 111.6 (1.5) 93.0 (1.8)
4 Apr. 7.6 (0.9) 1.1 (0.05) 5.0 (0.2) 88.6 (2.9) 124.2 (1.9) 109.9 (2.3) 74.2 (3.8)
4 Apr. 2.8 (0.8) 1.0 (0.00) 5.6 (0.1) 96.0 (3.6) 133.3 (2.0) 108.7 (3.3) 95.5 (2.7)
4 Apr. 1.6 (0.4) 1.3 (0.08) 6.0 (0.2) 98.9 (3.2) 128.1 (2.5) 118.8 (2.7) 100.5 (2.2)

zFruit were evaluated for peel fluorescence using ultraviolet light within a day of obtaining the fruit, and for freeze damage and sensory attributes after 4 weeks of storage.
Between 23 and 40 fruit were evaluated within each of the 18 lots.
yMean percentage of freeze damage in each lot as determined by a transverse cut of each fruit and estimation of the percentage of the cut area with drying. This damage
evaluation was done as outlined in the CDFA freeze evaluation methods (State of California, 2008).
xMean rating of peel fluorescence ranging from 1 (no fluorescent spots) to 5 (more than 20 fluorescent spots).
wHedonic score ranged from 1 to 9 where 1 = extremely dislike, 5 = neither like or dislike, and 9 = extremely like.
vFor off-flavor and bitterness, a higher number indicates less, and for juiciness and citrus flavor, a higher number indicates more of that attribute.
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from the lot (Table 1). In locations
with lesser amounts of damage, the
fluorescing areas were few and it was
sometimes difficult to make a decision
regarding the status of the fruit. The
greater difficulty in classifying fruit
with low levels of freeze damage as
observed in this study was also noted
by Slaughter et al. (2008), who stated
that the peel fluorescence method
may be best suited for identifying
moderately to severely frozen fruit.
While the overall classification accu-
racy for fruit judged to be undamaged
(marketable) by the CDFA method
was similar in this study (72%) to the
values obtained by Slaughter et al.
(2008), our classification accuracy
for CDFA-damaged fruit was gener-
ally much less, which made it impos-
sible for the peel fluorescence method
to reduce the percentage of freeze-
damaged fruit in most of the loca-
tions. The difference in classification
accuracy likely reflects the lesser
degree of peel damage in most of
the lots of naturally frozen fruit com-
pared with fruit frozen in the labora-
tory in the previous work. The fact
that peel damage appears to occur
secondarily to internal damage (Bar-
tholemew et al., 1950) may limit the
sensitivity of the method and hamper
its use as an inspection tool to replace
the CDFA method. It has been our
experience, however, that fruit with
lesser amounts of damage are also the
most difficult to categorize using the
CDFA method as well, meaning that
the peel fluorescence method is being
compared with a method that in itself
is likely not particularly accurate.

Temperature recordings taken in
regions near to the groves sampled
during the period of the freeze indi-
cated that temperatures as low as
those used in the prior laboratory
experimentation (–7 �C, with dura-
tions of 4 h or more) were reached in

some areas, although we do not know
the exact temperatures and durations
of the exposure experienced by the
individual fruit sampled given the
unplanned nature of the freeze. Rates
of freezing and thawing that occurred
during the natural freeze are other
potential points of difference from
the laboratory experimentation be-
cause that work had used freezing
and thawing treatments at constant,
rather than ramped, temperatures that
occur naturally. Preliminary experi-
mentation in our laboratory on the
effect of thaw rate on the expression of
peel fluorescence, however, found
there to be no difference due to thaw
rate (data not shown). The impact of
multiple freeze and thaw cycles that
occurred during the 2007 freeze also
makes it difficult to directly compare
these results to previous experimenta-
tion in the laboratory. A better under-
standing of the factors that influence
peel damage and the subsequent re-
lease of oil into the surrounding tis-
sues is needed to be able to better
predict the effectiveness of the peel
fluorescence method in detecting flesh
damage following futurenatural freezes.

Peel fluorescence was not predic-
tive of how well sensory panelists
liked eating the fruit as estimated by
the hedonic score (Table 3). As in the
first part of the experiment, the
amount of ultraviolet peel fluores-
cence present was often quite low
and made classification of freeze dam-
age by this method difficult. It was
also obvious that hedonic score and
other sensory parameters were not
very responsive to differences in the
range of freeze damage (slight to
moderate). This was not due to differ-
ences among the lots for soluble solids
concentration (SSC) or titratable acid-
ity (TA) obscuring the effects of freeze
on flavor, as the SSC:TA ratio was high
and fairly similar for most of the lots

(data not shown). One factor involved
may have been the absence of a strong
development of bitterness that is often
associated with freeze-damaged fruit
(Manners et al., 2003). The overall
high ratings for bitterness indicated
that there was very little bitterness in
the fruit lots tasted. This may have
been because the freeze occurred
when the substrates needed for the
production of bitter compounds may
have been at low levels (Maier and
Margileth, 1969). It is possible that
under other circumstances, such as a
different timing of the freeze event or
in a different year, that there would
have been a closer relationship
between eating quality and cutting
and peel fluorescence methods of
freeze damage evaluation.

Although the information is anec-
dotal, the peel fluorescence method
was reported to have been used by a
number of packinghouses in California
following the 2007 freeze with reports
of success in removing freeze-damaged
fruit to enable lots of fruit to pass the
legal allowance for freeze-damaged
fruit. Use of the peel fluorescence
method was easily done in the packing-
houses because they already possessed
black light rooms to detect decayed
fruit that, like freeze-damaged fruit,
also fluoresce under ultraviolet illumi-
nation. Decay, though, appears as large
fluorescing areas on the peel, distinct
from the small spots present on freeze-
damaged fruit. Little or nothing extra
was needed for the detection of frozen
fruit except additional employee train-
ing and perhaps some small modifica-
tion of the setup. It is possible that the
frozen fruit present in the fruit lots
evaluated by the packinghouses fluor-
esced more strongly and were easier to
distinguish from nonfrozen fruit than
those examined in this experiment.
This could have been due to a greater
degree of peel damage from the man-
ner in which the fruit in that location
froze and thawed or due to differences
in peel morphology that allowed the
fluorescing oil components to be more
easily released. Additional research is
needed to evaluate these possibilities.
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