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Summary. U.S. chestnut (Castanea sp.) production is expanding as knowledge of
seedling cultivation and germplasm advances. Chestnuts have high starch and water
content, making them highly perishable; therefore, they require cold storage
immediately following harvest. Postharvest spoilage remains a significant area for
improvement. Several postharvest fungi (including Fusarium sp. and Penicillium sp.)
can infect chestnuts during storage, leading to spoilage and nonsellable nuts. The
annual crop losses can reach up to 10%, thereby affecting trees differently. Our research
objectives were to 1) evaluate spoilage incidence on the interior (i.e., pellicle, kernel) and
exterior (i.e., nutshell) of the nut over the course of 200 days of cold storage on eight
cultivars and 2) assess the impact of food contact-approved chlorine solution and 2%
peracetic acid (PAA) with 27% hydrogen peroxide prestorage treatments for spoilage
suppression on ‘Qing’ nuts. Fourteen timepoints were observed during the study
period, each with four replications of 16 nuts. An additional four replicates of 16
‘Qing’ nuts were treated prestorage and observed over seven time points. The incidence
of spoilage was reported as the percentage of nonsellable nuts for each treatment and
cultivar at four timepoints. The nut interior showed the highest spoilage incidence after
200 days, with four cultivars having >30% nonsellable nuts. Overall, the cultivars had
an average of 10% nonsellable nuts from interior spoilage after 60 days in storage.
‘Hong Kong’ had the highest percentage of nonsellable nuts by the end of the study at
60%, whereas ‘Qing’ and ‘Mossbarger’ had the lowest rates, with only 14% nonsellable
nuts. Spoilage of the exterior, although less frequent, is visible to buyers and impacts
nut marketability. ‘Kohr’ had the highest percentage of nonsellable nuts because of
exterior spoilage (35.9%). ‘Mossbarger’ had the lowest percentage of nonsellable nuts
because of exterior spoilage (3.1%). ‘Qing’ nuts treated with 500 ppm chlorine and
100,/200 ppm PAA demonstrated reduced exterior spoilage with longer storage times.
Prestorage treatment did not show efficacy for reducing interior spoilage. This study
provides a preliminary report of evidence that cultivar differences influence the spoilage
incidence and supports taking nuts to market within 60 days of harvesting. These
preliminary data also inform breeding parent combinations and studies of inheritance
for postharvest spoilage tolerance at the University of Missouri Center for Agroforestry
breeding program.

tree crop that offers small farmers
an option for diversification (Aguilar
et al.; 2009). The number of chestnut
farms in the eastern and midwestern
United States grew by 57% between
2012 and 2017, and several hundreds
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of orchards have entered mature
bearing years since that time (U.S.
Department of Agriculture, National
Agriculture Statistics Service, 2018).
Chestnuts can be sold at prices rang-
ing from $3.40/lb (wholesale) to
$7 /b if marketed direct to consumer
(Cai and Gold, 2021). The primary
chestnut market occurs during the
holidays (for example, Christmas) that
occur 2 months following harvest
(Hochmuth et al., 2018). The genus
Castanen contains eight species that
may hybridize: allegheny chinquapin
(C. pumila), american chestnut (C.
dentata); chinese chestnut (C. mollis-
sima); chinese chinquapin (C. henryi);
curopean chestnut (C. sativa); japa-
nese chestnut (Castanea creneta),
ozark chinquapin (C. ozarkensis); and
seguin chestnut (C. seguinii). Each
chestnut species and their hybrids pro-
duce edible nuts; however, japanese
chestnut, european chestnut, chinese
chestnut, and interspecific and com-
plex hybrids produce large, sweet nuts
that are particularly suited for com-
mercial production (Revord et al,
2021). Chinese chestnut and complex
hybrids are well-adapted for the tem-
perate growing environment found in
the midwestern and eastern United
States because of their disease resis-
tance and cold hardiness (Gold et al.,
2006; Hunt et al.,, 2012; Revord
etal., 2021).

Unlike most other tree nuts,
which are typically oily, high in pro-
tein, and can be safely stored at room
temperature, chestnuts have much
higher starch and moisture contents
(40% to 60% water), thereby making
the nuts highly perishable and suscep-
tible to spoilage (Ertan et al., 2015).
Chestnuts  require cold storage
between 0 and 4 °C immediately after
harvest to remain fresh for a high-
value market (Hunt et al., 2012). Sev-
eral postharvest fungi, including
Fusavium and Penicillium species, as
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well as an emerging fungal pathogen,
Gnomoniopsis, can infect chestnuts,
even with proper cold storage condi-
tions (Kader, 2003; Lione et al,
2019; Tamietti, 2016; Visentin et al.,
2012). Postharvest fungi cause spoil-
age that impacts the nut exterior (nut-
shell), interior (pellicle, kernel), or
both, resulting in nonsellable nuts.
The appearance of spoilage on the
exterior of the shell influences the
consumers’ willingness to pay a pre-
mium for nuts. Spoilage also impacts
the interior of the nuts, with no visible
signs on the exterior (Mencarelli,
2001), which complicates quality con-
trol procedures, customer retention,
and business scalability.

Research of postharvest proce-
dures and best practices has sought to
prolong the shelf life of chestnuts
before they go to market. Sanitation
at the time of harvest can have an
impact on postharvest nut quality.
Nuts harvested from the ground have
been shown to have higher levels of
postharvest pathogens than nuts har-
vested directly from the tree (Donis-
Gonzilez et al., 2016). Procedures
shown to lengthen chestnut storage
life include water curing, high storage
atmosphere carbon dioxide levels
(Cecchini et al., 2011), pretreatment
fumigations (with carbon sulfide,
phosphine, or methyl bromide), irra-
diation with gamma rays or electron
beam drying methods, gaseous ozone
treatments, or the addition of biologi-
cal products during water curing
(Delgado et al., 2016, 2017; Ruocco
et al., 2016; Vettraino et al., 2020).
Many of these postharvest treatment
methods require large commercial-
scale operations that have the infra-
structure for large, heated water baths
or the application of hazardous chem-
icals. Small-scale growers often create
makeshift cold storage systems by
constructing a highly insulated room
with an air conditioning unit to store
their crop between harvest and selling
the nuts. Even with proper cold storage,
growers note annual crop losses that
reach up to 10%, thereby affecting indi-
vidual trees differently (Ekman, 2014).
Postharvest chestnut spoilage remains a
significant area for improvement with lit-
tle to no research, including the
response of multiple chestnut cultivars
under long-term cold storage. Further-
more, few studies have incorporated
food-safe household or retail products as
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prestorage treatment options for small-
scale operations.

In this preliminary study, nuts
from the chestnut germplasm reposi-
tory from one growing season were
used to 1) evaluate eight chestnut cul-
tivars for spoilage incidence on the
nut interior (pellicle, kernel) and exte-
rior (nutshell) at 14 timepoints over
the course of 200 d of cold storage
and 2) assess the impact of food con-
tact-approved prestorage household
chemical treatments for mold suppres-
sion on ‘Qing’ nuts.

Materials and methods

Cultivar storage study

Prant MATERIAL.  Chestnuts
were collected from the germplasm
repository at the University of Mis-
souri Horticulture and Agroforestry
Research Center near New Franklin,
MO (lat. 39°02'N, long. 92°76'W).
The orchards were planted in
1998-99, at 30- x 30-ft spacing, on
ridgetops with well-draining silt loam
soil and comprised a collection of
more than 50 unique chestnut culti-
vars (Revord et al., 2021). The aver-
age annual precipitation of the
experimental site is 38 inches; trees
were not irrigated. Seven chinese
chestnut cultivars were included: Moss-
barger, Gideon, AU Homestead, Hong
Kong, Peach, Kohr, and Qing. One
interspecific hybrid, ‘Sleeping Giant’ (C.
mollissima x C. crenata x C. dentatn),
was included. These eight cultivars were
chosen because they are considered
among the most suitable for cultivation
in Missouri based on a previous evalua-
tion (Hunt et al., 2009, 2005).

CHESTNUT HARVEST. Chestnuts
were hand-harvested from a fre-
quently mown grassy orchard floor
every 24 to 48 h over the course of
several days. Harvested nuts were
immediately stored in plastic bags in a
cold room at 4°C. Nuts from two
trees per cultivar were randomly
selected, pooled, and sorted with a
grading machine. Only nuts between
8 and 18 g were used in the experi-
ment. Sorted chestnuts were soaked
in clean, cool water for 5 min with
gentle agitation to remove any dirt,
and any floating nuts were discarded.
Then, chestnuts were soaked for 10
min in a chlorine solution of ~550
ppm (1:100 dilution of chlorine solu-
tion with 5.25% sodium hypochlorite

labeled for food contact) with gentle
agitation. The pH of the solution was
not monitored or adjusted. Then,
nuts were spread thinly on metal
screening to air-dry for 1 h or until no
external moisture was visible on the
shells. Working surfaces were disin-
fected using a 10% chlorine solution
before spreading the chestnuts to dry.
Handling and surface disinfection
were followed by the initial sample
evaluation (time = 0).

COLD STORAGE SAMPLE BLOCK.
Each nut was numbered with a
marker before being packaged in
groups of 16 nuts in microperforated,
1-qt, bioriented polypropylene bags
(30 holes/inch?; PrismPak, Berwick,
PA) and closed with twist ties. For
each cultivar, four bags were prepared
for each of 14 timepoints: 16 nuts/
bag x 4 bags x 14 timepoints (896
total nuts per cultivar).

The initial sample (time = 0) was
immediately evaluated using the pro-
cedures described in the following
section, whereas the other bags were
immediately placed in disinfected, lid-
ded, solid plastic, 18-gal bins (Rough-
neck storage containers; Rubbermaid,
Atlanta, GA) in a cold storage room.
The bags of chestnuts were placed in
plastic milk crates within the plastic
bins and did not touch the bottom,
sides, or lid of the bins. Sterile cloths
at the bottom of the bins were kept
wet (with 10% chlorine solution) to
keep bin humidity as high as possible
throughout the duration of the exper-
iment. A digital thermometer-hygr-
ometer was included in each bin to
confirm that bin conditions were uni-
formly 4 °C with 99% relative humid-
ity. The oxygen and carbon dioxide
levels inside the bins were not mea-
sured or monitored.

COLD STORAGE EVALUATIONS.
For each cultivar, at each timepoint,
the four replications were removed
from the bin, destructively sampled,
and evaluated. Each nut was evaluated
for exterior shell mold based on a
descriptive decay rating scale from 1
to 5 (Table 1). Then, each chestnut
was sliced with a knife, and groups of
16 were heated together in a micro-
wave oven on medium power for 60 s
to loosen the pellicle. Then, the nuts
were peeled. Then, the interior of
cach shell (pellicle and kernel) was
scored based on the decay rating scale
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Table 1. Descriptive standards and ratings for evaluating chestnuts for exterior and interior spoilage to determine the mar-
ketability of the nuts (e.g., sellable or nonsellable).

Rating” Descriptive standards
1 Uniformly pristine, no signs of mold or decay visible to the naked eye
2 Only tiny specks or areas of discoloration not noticeable to consumers
3 Minor but clearly visible localized discoloration, mold, or decay
4 Mold and discoloration evident on up to half of the surface
5 Mold and discoloration evident on more than half of the surface

“1 and 2 = sellable nuts; 3, 4, and 5 = nonsellable nuts.

of 1 to 5. The percentage of nonsel-
lable nuts was assessed for each of the
cultivars using the spoilage decay rat-
ing scale. Nuts with a decay rating of 1
or 2 had levels of decay acceptable for
marketing (sellable), whereas the nuts
with decay ratings of 3, 4, or 5 were
unacceptable for marketing (nonsel-
lable) (Fig. 1).

For each cultivar, replications
were evaluated every 14 d for the first
120 d of cold storage. Four additional
observations occurred at longer inter-
vals until 200 d in cold storage had
been reached. Data grouped into four
timepoints (0, 60, 120, and 200 = 7
d) that highlight spoilage progression
are presented as statistical analysis fac-
tors and recommendations.

Prestorage treatment study
Additional ‘Qing’ nuts were sub-
jected to chemical dip treatments before
the storage duration (in the same man-
ner as described in the previous sec-
tion). Gathered chestnuts were washed
for 5 min in cool, clean water with gen-
tle agitation to remove surface dirt, and
floating nuts were removed. Food con-
tact-approved chlorine solution (5.25%
sodium hypochlorite) was used at
1:100 and 1:500 dilution for the high
(500 ppm) and low (100 ppm) chlorine
treatments, respectively. Food contact-
approved 2% PAA with 27% hydrogen
peroxide (StorOx 2.0; BioSafe Systems,
Glastonbury, CT) was used at 1:110
and 1:220 dilutions for the high
(200 ppm) and low (100 ppm) PAA

Fig. 1. Range of chestnut spoilage incidence showing ratings of 1 and 2 (sellable
nuts) and ratings of 3 and 5 (nonsellable nuts) (Table 1). (A) Rating 1 (lower two
nuts) indicates uniformly pristine nuts with no sign of mold or decay to the naked
eye. Rating 2 (top nut) indicates tiny areas of discoloration not noticeable to the

consumer. (B) Rating 3 (top nut) indicates minor but clearly visible localized spots

of mold on the nut interior. Rating 5 (bottom two nuts) indicates mold and
discoloration covering more than half of the surface on the interior and exterior.
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treatments, respectively. The chlorine
and PAA treatments are approved for
food contact and were applied in accor-
dance with the product manufacturer’s
instructions. Nuts were divided into the
five treatment groups: a) high chlorine
(500 ppm), b) low chlorine (100 ppm),
¢) high PAA (200 ppm), d) low PAA
(100 ppm), and ¢) water control.

Chestnuts were soaked in the
treatment solution with gentle stirring
for 10 min in the case of the chlorine
treatments or 3 min in the case of
PAA treatments. The water control
was 10 min. The high-chlorine treat-
ment was the same as that used for
the cultivar storage study; therefore,
the same ‘Qing’ nuts were considered
for both studies. After treatment, nuts
were spread thinly on a metal grill to
air-dry for 1 h or until external mois-
ture was not visible on the shells.
Finally, the nuts were packaged for
storage in microperforated plastic
bags. All bagged samples were stored
in bins at 4°C with high humidity
and evaluated as described previously.

STATISTICAL ANALYSIS. Before
analysis, the data were assessed for nor-
mality using the Shapiro-Wilks test. A
one-way analysis of variance was per-
formed for the mean percentage of
nonsellable nuts because of interior or
exterior spoilage at 0, 60, 120, and 200
d of storage (Table 1). Pairwise post
hoc analyses were conducted using
Tukey’s honestly significant difference
(0 = 0.05) test to compare means
among cultivars at 0, 60, 120, and 200
d in storage. Statistical calculations were
performed using the agricolae package
(Mendiburu and Yaseen, 2020) in the
R statistics environment (R Core Team,
2020; R Studio Team, 2020).

Results and discussion
Cultivar storage study

At day 0, exterior spoilage was not
detectable among any of the cultivars
(Fig. 2). Minor interior spoilage (<10%
average) incidence was recorded in six
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cultivars (Fig. 3). However, these dif-
ferences were not statistically significant
(Table 2). At 60 d under cold storage,
‘Kohr’ (10.9%) and ‘Peach’ (9.4%) had
significantly higher percentages of non-
sellable nuts than ‘Hong Kong’ (0%)
and ‘Mossbarger’ (0%) based on exte-
rior spoilage. Regarding interior spoil-
age, ‘Hong Kong’ (20.3%) had the
highest percentage of nonsellable nuts
and ‘Gideon’ (3.1%) had the lowest
percentage of nonsellable nuts (Fig. 3).

At 120 d of cold storage, ‘Kohr’
(26.6%) harbored significantly higher
exterior spoilage than six other culti-
vars, with Hong Kong (1.6%) and
Mossbarger (3.1%) having the lowest
percentage of nonsellable nuts (Fig. 2).
Regarding interior spoilage, ‘Hong
Kong® (39.1%) had a significantly
higher percentage of nonsellable nuts
than six other cultivars. ‘Kohr’ (23.4%)
had the second highest percentage of

(7.8%), ‘Peach’ (7.8%), and ‘Qing’
(7.8%) had the lowest percentages of
nonsellable nuts (Fig. 3).

At 200 d under cold storage,
‘Kohr’ (35.9%) had the highest per-
centage of nonsellable nuts based on
exterior spoilage, and this percentage
was significantly higher than those of
‘Qing’ (7.8%) and ‘Mossbarger’ (1.6%)
(Fig. 2). ‘Gideon’ (31.3%) and ‘Peach’
(29.7%) had the next highest percen-
tages of nonsellable nuts, and those
percentages were also significantly
higher than that of ‘Mossbarger’.
Regarding interior ratings, ‘Hong
Kong’ (60.9%) had the highest per-
centage of nonsellable nuts, and this
percentage was significantly higher
than those of ‘Gideon’ (21.9%),
‘Peach’ (23.4%), ‘Qing’ (14.1%),
and ‘Mossbarger’ (9.4%) (Fig. 3).
‘Kohr’ (46.9%) had the next highest
percentage of nonsellable nuts, and

higher than those of ‘Qing’ (14.1%),
and ‘Mossbarger’ (9.4%).

These  results  showed  that
‘Mossbarger’ consistently had the lowest
percentage of nonsellable nuts of all the
cultivars for both the exterior and interior
ratings at cach evaluation timepoint.
‘Kohr’ consistently had the highest per-
centage of nonsellable nuts for the exte-
rior ratings at each evaluation timepoint.
Of all the cultivars, Hong Kong had one
of the lowest percentages of nonsellable
nuts based on the exterior ratings but
the highest percentage of nonsellable
nuts based on interior ratings. ‘Hong
Kong’ is an example of how the quality
of the exterior of the nuts does not
always indicate the quality of the interior
of the nuts.

This preliminary study provides
evidence that there are significant
differences among chestnut cultivars
in their ability to maintain quality

nonsellable nuts, whereas ‘Mossbarger”  this percentage was significantly  throughout long-term storage under
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the conditions presented here. There is
evidence that ‘Qing’ and ‘Mossbarger’
resist external spoilage over the course
of 200 d in cold storage, whereas
‘Gideon’,  ‘Kohr’,  ‘Peach’, and
‘Sleeping Giant’ are more susceptible
to external spoilage over the course of
200 d in cold storage. There is also

evidence that ‘Qing’, ‘Mossbarger’,
and, to a degree, ‘AU Homestead’,
‘Gideon’, ‘Peach’; and ‘Sleeping Giant’
may resist internal spoilage over the
course of 200 d in cold storage. Results
may vary with different growing years,
environments, cultivar ramets, and
other noncultivar-related  variables.

Further research is needed for a wider
range of applications.

The evidence gathered here and
evidence in the previous literature
suggest that selling nuts of all cultivars
soon after harvest is optimal because
that is when nuts are at peak freshness
and loss to postharvest spoilage can be

Table 2. Results of the one-way analysis of variance of the percentage of nonsellable chestnuts based on exterior and
interior spoilage ratings using the response variable “cultivar” at each evaluation timepoint postharvest.

Time after storage (d) df Sum of squares Mean square F P>F
Exterior rating
0 7 0 N/A* N/A
60 7 502.9 71.8 24 0.04
120 7 1758.0 251.1 5.7 <0.01
200 7 4409.0 629.9 4.5 <0.01
Interior rating
0 7 282.0 40.2 1.9 0.10
60 7 795.9 113.7 2.2 0.04
120 7 3413.0 487.6 6.1 <0.01
200 7 8339.0 1191.2 7.3 <0.01

“Not applicable.
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1 ppm = 0.001 gL~ *.

minimized (Hunt et al., 2012). Dur-
ing a 2004 marketing survey, 68% of
growers declared nut quality as the
most important competitive advan-
tage when marketing their nuts (Gold
et al., 2006). Many growers planning
orchards want to maximize their flexi-
bility in an increasingly competitive
production market by storing chest-
nuts to sell later in the year while still
offering a high-quality product. The
findings of this study suggest that
‘Qing’, ‘Mossbarger’, and, to some
extent, ‘Peach’ and ‘Gideon’ appear
to be less susceptible (up to 200 d in
cold storage) to extreme spoilage on
the interior and exterior. ‘Qing’,
‘Mossbarger’, ‘Peach’, and ‘Gideon’
also have excellent flavor, nut charac-
teristics, and are consistently high-
yielding (Revord et al., 2021). It
would be best to sell ‘AU Home-
stead’ and ‘Sleeping Giant’ within
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120 d of harvest, whereas it would
be best to sell ‘Kohr’ and ‘Hong
Kong’ within 60 d of harvest to min-
imize the loss of nuts caused by

postharvest spoilage under the
storage conditions used in this
experiment.

Prestorage treatment study

On day 0, exterior spoilage was
not detectable on the ‘Qing’ nuts with
any postharvest treatment (Fig. 4).
Like the cultivar evaluation, minor
interior spoilage (<10% average) was
recorded for all five treatments. How-
ever, these differences were not statisti-
cally significant. At 60 d under cold
storage, there was minor spoilage
(<10% average) for the treatment
groups and control group on both the
interior and exterior, with no statistical

significance (Table 3).

At 120 d, on the exterior, the
high chlorine and the low PAA treat-
ment groups showed a significantly
lower percentage of nonsellable nuts
than the control group, with no dif-
ference from the other treatment
groups. At 200 d, on the exterior,
both the high and low PAA treatment
groups showed significantly lower
percentages of nonsellable nuts com-
pared with the control group, but
there was no difference from the other
treatment groups (Fig. 4). There was
no difference in the amount of inte-
rior spoilage among any treatment
groups or compared with the control
group throughout the experiment.

The chestnut postharvest treat-
ments evaluated during this study did
not show any significant reduction in
the percentage of nonsellable ‘Qing’
nuts compared with the control
between 0 and 60 d in storage. If
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Table 3. Results of the one-way analysis of variance of the percentage of nonsellable chestnuts based on exterior and inte-

rior spoilage ratings using the response variable “prestorage treatment” at each evaluation timepoint postharvest.

Time after storage (d) df Sum of squares Mean square F P>F
Exterior rating
0 4 0 0 N/A” N/A
60 4 144.5 36.1 2.6 0.07
120 4 1003.9 250.9 5.2 <0.01
200 4 976.6 244.1 6.6 <0.01
Interior rating
0 4 58.5 14.6 0.7 0.57
60 4 85.9 214 0.4 0.74
120 4 418.0 104.5 1.6 0.21
200 4 125.0 31.2 0.3 0.83
“Not applicable.
‘Qing’ nuts are to be sold within ~ The cultivars Qing, Mossbarger,  Delgado, T., J.A. Pereira, E. Ramalhosa,

60 d of harvest, then evidence indi-
cates that with proper storage condi-
tions, there may not be any benefit
from prestorage chemical treatments.
‘Qing’ nuts stored for a longer
period (120 d or up to 200 d) with
the high concentration of chlorine or
with either the high or low concen-
tration of PAA may have a reduced
percentage of nonsellable nuts based
on exterior ratings. Prestorage treat-
ment did not show any efficacy for
reducing the percentage of nuts with
interior spoilage.

Interior spoilage started before
storage began (Fig. 3) even after pres-
torage treatment, which may indicate
that certain postharvest pests and
pathogens enter the nuts before or
after pollination, while the nuts are
still in the field, or while the nuts are
being harvested. Some nut quality
defects such as blossom end rot
(Colletotrichum gloeosporiodes), inter-
nal kernel breakdown, and chestnut
weevil larvae (Curculio sp.) have been
shown to enter the nut in the field or
during harvesting (Mencarelli, 2001).
Some nuts with obvious defects can
be removed during sorting and size
grading before storage. Still, this pre-
liminary study has demonstrated that
internal spoilage may exist in the
absence of outer defects and can go
undetected until consumption. It is
vital to harvest nuts with care to avoid
exterior damage to produce high-
quality chestnuts.

Conclusions

This study provides preliminary
evidence of the differential responses
among chestnut cultivars with regard
to postharvest quality under the cold
storage conditions presented here.
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Peach, Gideon, AU Homestead, and
Sleeping Giant seem to offer a degree
of longevity under cold storage,
whereas Hong Kong and Kohr are
not as well-suited for long-term stor-
age because of internal spoilage.
Chlorine and PAA prestorage treat-
ments seem to offer some protection
against external spoilage, but they do
not show any efficacy for protecting
against internal spoilage under the
storage conditions evaluated here.
Future studies are necessary to vali-
date the postharvest spoilage charac-
teristics of cultivars over seasons and
locations and to establish best practi-
ces with regard to postharvest chemi-
cal treatments.
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