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Abstract. Modern postharvest apple processing facilities include steps to ensure the
safety and storage of fresh-market fruit. Packing lines typically include a chlorine
sterilization process before fruit waxing to maximize postharvest fruit quality. We in-
vestigated the role of chlorine dump tank sanitation and waxing in shaping micro-
biome community assembly on apples, which is relevant for postharvest pathogen
colonization and infection. We hypothesized that each step of postharvest processing
would indicate further shifts in fruit microbiome composition, notable at the pre-
chlorine and postchlorine dump tank stages, followed by the fruit-waxing step. We
found that the packing line process affected bacterial composition, but there were
minimal effects on fungal composition and only at specific sampling times. In addi-
tion, adding wax to fruit increased bacterial diversity, but there was no effect with
chlorine sanitation. Bacterial shifts were strongest after the waxing step, with more
than half of all genera increasing in relative abundance. Using PICRUSt2, we pre-
dicted metagenomic profiles and observed that taxonomic shifts corresponded with a
variety of metabolic pathways increasing in abundance, including an unexpected in-
crease in pathways associated with methanogenesis. Although PICRUSt2 predictions
on their own are prone to false positives, this finding coincides with the presence of
known methanogens of the class Methanobacteria in waxed samples. The results sug-
gest that commercial packing line processes shape the apple microbiome, uncovering
potentially novel functions such as methane regulation in postharvest waxed fruit,
with implications for fruit preservation and quality.

The microbial communities on fresh pro-
duce are comprised of multifaceted connec-
tions that potentially affect the preservation
and quality of fruit (McLaren and Callahan
2020; Wisniewski and Droby 2019). Since the
advent of next-generation sequencing, many
studies have been conducted to characterize
the assembly of the fruit microbiome in an ef-
fort to decipher how microbiome composition
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and function influence fruit development and
storage. The factors that shape microbiome
composition that are well understood include
cold storage (Abdelfattah et al. 2020; Al Riachy
et al. 2024; Biasi et al. 2021; Bosch et al. 2021;
Lane et al. 2023, 2024a, 2024b; Shen et al.
2018; Wassermann et al. 2019a; Zhimo et al.
2022); management regime such as conven-
tional vs. organic (Abdelfattah et al. 2016a,
2021; Bartuv et al. 2023; Leff and Fierer 2013;
McLaughlin et al. 2023; Schiavon et al. 2023;
Shen et al. 2022; Vepstaite-Monstavicé et al.
2018; Wassermann et al. 2019b; Wicaksono
et al. 2023); postharvest treatments such as wax-
ing, hot water, and cold plasma (Abdelfattah
et al. 2020; Bosch et al. 2021; Fang et al. 2023;
Shen et al. 2018; Wassermann et al. 2019a;
Wicaksono et al. 2022); chemical applica-
tions such as fungicides and ethylene inhibi-
tors (Abdelfattah et al. 2016b; Lane et al.
2023, 2024a, 2024b; McLaughlin et al.
2024; Perazzolli et al. 2014); and the use of
biocontrol agents (Biasi et al. 2021; Duan
et al. 2024; Zhao et al. 2023a, 2023b; Zhimo
etal. 2021).

Although there are many studies looking
at fruit microbiomes at harvest and through-
out storage, less is known about microbiome
shifts during poststorage packing. For market
distribution, stored apples are graded and

packed, with modern packing lines using hy-
drohandling, a process in which bins are sub-
merged in water fumes to float the fruit
gently, for efficient emptying. The fruit are
then floated through chlorinated water flumes
onto a conveyor belt and sorted, with under-
sized, defective, damaged, or decayed fruit
removed. The fruit are then sprayed with a
food-grade wax (carnauba, candelilla, or shel-
lac) to improve appearance, reduce water loss
and respiration rates, and extend the shelf life
of the fruit (Bai et al. 2003; Hasan et al.
2024). Washing and waxing with an edible
coating was shown to shift microbiomes,
with waxing increasing the relative abundance
of Pseudomonas and washing decreasing the
abundance of Aureobasidium (Abdelfattah
et al. 2020); however, the work by Abdelfattah
et al. (2020) was carried out in a laboratory set-
ting, and therefore different from commercial
packing lines. Although packhouse treatments
affect mandarin oranges (Kumar et al. 2021),
the absence of key apple microbiome mem-
bers such as Curtobacterium and Aureobasi-
dium (Lane et al. 2023, 2024a, 2024b) limits
the transferability of these findings to apple
systems.

In our study, we investigated the effect of
fruit packing line processes, such as hydraulic
unloading using dump tanks with chlorinated
flumes, followed by waxing, on the fruit sur-
face microbiome. We hypothesized that the
chlorinated dump tank method would affect
bacteria and fungi sensitive to the antimicro-
bial sanitizer, whereas the wax addition would
shift microbiomes that are responsive to modi-
fications of the fruit surface that affect fruit res-
piration and moisture loss.

Materials and Methods

Experimental design and sampling. ‘Hon-
eycrisp’ apples were sampled from the pack-
ing line of a commercial orchard in western
New York, USA, Oct 2023, Mar 2024, and
Jul 2024. Samples were collected from apples
at three stages of the packing line—1) in the
bin before hydraulic unloading into the dump
tank, 2) in the dump tank containing chlorine
(oxidation reduction potential = 750 mV;
Accu-tab, Westlake Water Solutions, Hous-
ton, TX, USA), and 3) after the waxing step
(AP531 FD; Pace International, Wapato, WA,
USA)—and before being dried with hot air
and packaged. Samples were also taken after
wax application and drying in March and July.
These samples showed minimal to no differ-
ences from the predried waxed samples, so
they were excluded from the main analysis
to keep the experimental design balanced.
Eight replicates of four apples each were
taken for each packing line step during ev-
ery sampling month, resulting in a total of
72 samples (3 packing line steps x 3 months x
8 replicates).

For microbiome sampling, each sample of
four apples was placed in a zippered plastic
bag with a 6.5-pH 0.5-M phosphate buffer so-
lution with 0.1% Polysorbate 80. Each sam-
ple was sonicated for 20 min, then underwent
rotary shaking at 120 rpm for 20 min before
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being filtered through 0.22-pL filter paper to
capture microbes. After DNA extraction, sam-
ples were sent to Novogene Corp. (Sacramento,
CA, USA) for quality control, amplification,
and sequencing of the 16S V3 + 4 region for
bacteria and the internal transcribed spacer
(ITS2) region for fungi with the [llumina Novo-
seq 6000 platform (Illumina, San Diego, CA,
USA), followed by initial filtering and merging
of paired end sequences. Further information on
equipment used and sequencing procedures can
be found in Lane et al. (2023).

Sequence processing. Sequences were proc-
essed in QIIME2 version 2021.11 (Bolyen
et al. 2019). First, sequences were denoised
and chimeric sequences were removed with
DADA?2 using default parameters (Callahan
et al. 2016). The resulting amplicon sequenc-
ing variants (ASVs) underwent additional chi-
mera removal using uchime (Edgar et al.
2011). ASVs were then assigned taxonomy
based on a naive Bayes classifier trained on the
UNITE v. 10 database for ITS and the
Greengenes2 2022 database for 16S
(Abarenkov et al. 2024; McDonald et al.
2024). Chloroplast and mitochondrial sequen-
ces were then removed from the 16S dataset.
ASVs were then run through the PICRUSt2
pipeline, using taxonomy to obtain predicted
counts of Kyoto Encyclopedia of Genes and
Genomes (KEGG) orthologies (KOs) that act
as precise units of predicted molecular func-
tion (Douglas et al. 2020; Kanehisa and Goto
2000). Last, ASV abundance, KO, and tax-
onomy tables were exported along with rep-
resentative sequences for subsequent analysis
in R v. 412 (R Foundation for Statistical
Computing, Vienna, Austria). To maximize
the data obtained from each sample and avoid
discarding valid data, rarefication was not per-
formed (McMurdie and Holmes 2014).

For the ITS fungal samples, a total of
2147 ASVs were obtained, with a minimum
final filtered read count in a sample of 16,163
and a maximum count of 76,379. For the 16S
bacterial samples, a total of 5874 ASVs were
obtained, with a minimum final filtered read
count in a sample of 37,081 and a maximum
count of 59,958.

Statistical analysis. The associations be-
tween ASV composition and factors of
sampling month and packing line step were
assessed by performing a permutational multi-
variate analysis of variance (PERMANOVA)
using 999 permutations (Anderson 2017), with
P < 0.05 being used as the cutoff for signifi-
cance. Pairwise PERMANOVAs were used
to compare different packing line steps and
months using the Holm method for multiple
test correction. For interactions between the
two, pairwise PERMANOVAs were performed
only on differences between packing line steps
within the same month. These tests were per-
formed on a Bray—Curtis distance matrix (ob-
tained using the vegan package) of the ASV
abundance table (Beals 1984; Dixon 2003). The
distance matrix was also visualized with a prin-
cipal coordinate analysis. Shannon diversity was
calculated from the same ASV table and com-
pared across treatment and sampling using an
analysis of variance, with a post hoc Tukey test
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Table 1. P and * values for bacterial and fungal composition and Shannon diversity, derived from

amplicon sequencing variant tables.

) Packing Sampling Packing line step x

P and #* values' line step time sampling time
Bacterial composition P value 0.001 0.001 0.001
Bacterial composition  value 0.183 0.107 0.0832
Bacterial diversity P value 203 x 10°® 0.0103 0.185
Fungal composition P value 0.158 0.001 0.034
Fungal composition * value — 0.395 0.0574
Fungal diversity 0.0410 1.51 x 10°° 0.154

" For composition, P and r* values are determined from a permutational multivariate analysis of vari-
ance with 999 permutations on a Bray—Curtis dissimilarity matrix. For diversity, P values are deter-

mined by an analysis of variance.

(honestly significant difference test, P < 0.05 to
determine significance) used to compare pack-
ing line steps and months. Tukey tests were also
performed for each month to establish signifi-
cance at different time points.

The R package phyloseq (R Foundation
for Statistical Computing) was used to create
a genera table that was then assessed by the
Maaslin2 package to determine genera and
predicted KEGG KOs that were significantly
different between packing line steps (Mallick
et al. 2021; McMurdie and Holmes 2013).
Because the greatest differences were ob-
served after waxing, the two groups com-
pared were the postdump unwaxed apples
and the waxed apples. A false discovery rate
cutoff of 0.05 was used to determine signifi-
cance using the Benjamini—-Hochberg correc-
tion for this exploratory dataset (Benjamini
and Hochberg 1995), and all other Maaslin2
parameters were set to default. KOs were
then matched to all associated pathways and
modules using the KEGG application pro-
gramming interface to determine which ones
have many KOs associated with waxing.

Results

Microbiome composition and diversity.
Bacterial composition was affected by packing
line step, sampling time, and their interactions,
whereas fungal composition was unaffected by
the packing line step (Table 1). For bacteria, all
packing line steps harbored different micro-
biomes (Table 2), although the waxed apple
microbiome was distinctly different from un-
waxed apples (Fig. 1A). The observation was
reinforced further by the interaction between
packing line step and sampling time (Table 1),
where the differences between the pre- and
postdump unwaxed apples were inconsistent
between sampling month (Table 3). Fungal
composition also showed this interaction ef-
fect, where predump and waxed apples had

different microbiomes in March. In fungi, sam-
ples also clustered by sampling time, with Oc-
tober and March samples showing the greatest
dissimilarity (Fig. 1B). Overall, apple waxing
showed consistent effects on bacterial compo-
sition and modest effects on the fungal micro-
biome, depending on the sampling time.

Bacterial diversity increased after waxing
across all samples taken together (Table 2),
and in the specific sampling time months of
October and July (Fig. 2A). No changes in di-
versity were observed between pre- and post-
dump unwaxed apples. In addition, although
sampling month was a predictor of bacterial
diversity (Table 1), no pairwise differences
were found between months (Table 2). Fun-
gal diversity was more strongly associated
with sampling time, with October having the
lowest diversity (Table 2, Fig. 2B). Packing
line step was also a predictor, with no overall
pairwise differences being observed (Table 2),
but waxed apples had higher diversity than post-
dump unwaxed apples in March (Fig. 2B).
These results largely line up with composi-
tion, with waxing having mostly consistent
effects on bacteria and some context-depen-
dent effects on fungi.

Microbiome taxonomy and predicted meta-
genome function. The makeup of bacterial
and fungal genera at each packing line step in
different months is shown in Fig. 3. In bac-
teria, the most abundant overall genera were
Curtobacterium (22.52%), Pseudomonas
(20.41%), and Sphingomonas (6.11%), whereas
in fungi the most abundant genera were Aur-
eobasidium (33.55%), Cladosporium (19.61%),
and Sarocladium (5.04%). In bacteria, 128 of
257 genera increased in relative abundance from
the postdump to the waxing step, and 11 de-
creased in abundance. For bacterial genera with
greater than 1% abundance, Acinetobacter and
Microbacterium increased in abundance after
waxing, whereas Curtobacterium, Massilia,
and Pseudomonas decreased in abundance

Table 2. Significance letters for bacterial and fungal composition and diversity at different packing

line steps and sampling month.’

Variable Predump Postdump Waxed October March July
Bacterial composition a b c A B C
Bacterial diversity a a b — — —
Fungal composition — — — A B C
Fungal diversity — — — A B B

' For composition, pairwise permutational multivariate analyses of variance adjusted with the Holm
method were used, whereas for diversity, post hoc Tukey tests were used. Treatments/time points with
non-overlapping significance letters show significant differences at P < 0.05.
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Fig. 1. Principal coordinate analysis (PCoA) using Bray—Curtis dissimilarity of bacterial (A) and fungal
(B) amplicon sequencing variants (ASVs) colored by packing line step and with different symbols
indicating sampling month. Ellipses represent 95% confidence intervals for each packing line step.

after waxing. In addition, bacterial genera re-
mained relatively stable across different sam-
pling times despite the overall microbiome
shifting with sampling time (Fig. 3A), whereas
fungal genus-level composition shifted drasti-
cally (Fig. 3B). For instance, Aureobasidium
was the dominant fungal genus in October; but,
in March, Cladosporium had higher abundance.

Taxonomic shifts resulting from waxing
were associated with changes in predicted
metabolic function of bacteria as well, with
predicted methanogenesis increasing after
waxing (Fig. 4A). We found that 32.37% of
KEGG KOs associated with metabolic path-
ways increased in abundance and 7.19% de-
creased in abundance after waxing. Although
not perfectly aligned with genus-level shifts,
where 49.81% of genera increased in abun-
dance and 4.28% decreased in abundance,
these results indicate that the observed taxo-
nomic changes are predicted to result in dif-
ferences in functional metagenomic makeup

as well. Of the KOs within specific categories,
53.38% of KOs associated with methane me-
tabolism pathways increased in abundance,
along with 73.68% of KOs associated with
methanogenesis modules. Of the common
methanogenic taxa, the only class present in
more than one sample was Methanobacteria,
which is absent from unwaxed apples but is
found in two thirds (16 of 24) of waxed apple
samples. The overall abundance of Methano-
bacteria was low and appears to vary based on
sample time, but was present in waxed sam-
ples at all time points (Fig. 4B). Therefore, the
stable presence of Methanobacteria points to-
ward methanogenesis, with predicted metage-
nome function suggesting that this shift can be
picked out at the whole microbiome scale.

Discussion

Consistent with prior apple studies, we ob-
served microbiome shifts after waxing; however,

Table 3. Significance letters for bacterial and fungal composition at different packing line steps within

each month.'
Variable Predump Postdump Waxed
Bacterial composition October a b c
Bacterial composition March a a b
Bacterial composition July a b c
Fungal composition March a ab b

" Pairwise permutational multivariate analyses of variance were used, adjusting all within-month comparisons
using the Holm method. P < 0.05 was used as a threshold for significance, with non-overlapping significance
letters indicating treatment differences and only months containing significant differences shown.
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the specific nature of these shifts differed
from previous findings. For example, some
researchers found that Pseudomonas increased
in relative abundance immediately after waxing
(Abdelfattah et al. 2020), whereas we found
that Pseudomonas decreased in relative abun-
dance after waxing, which was most clearly ob-
served in the March and July sampling times
(Fig. 3A). In addition to differences between
laboratory-scale and commercial-scale packing
lines between the studies, this may be the result
of sampling differences. The previous study
sampled endophytes in ground tissue whereas
our work focused on epiphytes sampled using
a wash method.

Many other factors may have shaped our
findings as well, as microbiomes showed sub-
stantial differences depending on sampling
month. Given the large body of research de-
scribing microbial shifts throughout extended
cold storage (Abdelfattah et al. 2020; Al
Riachy et al. 2024; Biasi et al. 2021; Bosch
et al. 2021; Lane et al. 2023, 2024a, 2024b;
Shen et al. 2018; Wassermann et al. 2019a;
Zhimo et al. 2022), it is likely that these dif-
ferences in microbiome composition result in
different responses to packing line steps. An
additional factor is that each sampling time
used a different lot, which could have influ-
enced results. However, given that apples
have a core set of microbiota found in all
measured contexts (Abdelfattah et al. 2021),
it is unsurprising that there is some consis-
tency in microbiome responses, which makes
our results more generalizable. Even when
the microbial communities are different, such
as those seen in a previous study in mandarin
fruit with minimal overlap in high-abundance
microbial genera with our results (Kumar
et al. 2021), shifts were observed as a result
of waxing. Therefore, although the specifics
of microbiome shifts resulting from packing
line drenching and waxing may depend on
the context of the preexisting microbial com-
munity, the presence of these shifts is consis-
tent for bacteria.

Our study also highlights the mixed evi-
dence for microbial diversity responses to
packhouse treatments. Our results show that
waxing increases diversity in bacteria (Table 2),
whereas previous work found that washing
and waxing decrease diversity (Abdelfattah
et al. 2020), or that waxing increases diver-
sity in fungi but not in bacteria (Kumar
et al. 2021). In our study, the increased bac-
terial diversity can likely be attributed to a
decrease in the abundance of the dominant
Curtobacterium and Pseudomonas (Fig. 3A).
Pseudomonas is of particular interest because
of its capability to act as a plant pathogen or
to defend plants from pathogens, depending
on the species, with the difference not able to
be detected by amplicon sequencing (Melnyk
et al. 2019). Therefore, disrupting the bacte-
rial community through waxing may have ei-
ther positive or negative effects on the apple
fruit, depending on context.

The most novel result from our study is
the consistent increases in abundance of
KEGG KOs associated with methane dynam-
ics after waxing, which coincides with an
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erate significance letters, where treatments with no overlapping letters are different at P < 0.05.
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Fig. 3. Relative abundance of bacterial (A) and fungal (B) genera at each packing line step within each
month. Genera with less than 1% abundance are grouped under “Other.”
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increased abundance of the archaean methano-
gen class Methanobacteria (Fig. 4B). Because
metagenomes were predicted from taxonomic
data using PICRUSt2 (Douglas et al. 2020)
rather than directly sequenced using shotgun
metagenomics, these assessments of metage-
nomic function bring high risk of false posi-
tives. In addition, we see that many metabolic
pathways increased in abundance after waxing,
and that the percentage of KEGG KOs associ-
ated with methane dynamics was modestly,
but not drastically, higher than the overall per-
centage of metabolic KOs that increased in
abundance (Fig. 4A). However, in this case,
the importance of methanogenesis after waxing
was also reflected in the presence of known
methanogens, so conclusions around methane
do not solely rely on PICRUSt2’s metagenome
prediction. On the other hand, amplicon se-
quencing risks picking up relic DNA from
nonliving organisms, so the presence of Metha-
nobacteria in low abundance is not guaranteed
to reflect real methanogenesis. Nevertheless,
taxonomic data show the presence of metha-
nogens after waxing, and functional predic-
tion suggests that this shift is more consistent
than other categories of KOs despite the low
abundance of methanogens.

The presence of methanogens may indi-
cate that anaerobic microbes are able to exist
on the apple surface after waxing. Anaerobic
agricultural environments such as rice pad-
dies have long been known to promote meth-
anogenesis (Holzapfel-Pschorn et al. 1985;
Liesack et al. 2000). Although edible coat-
ings similarly limit respiration by reducing
gas exchange and creating an oxygen-limited
environment, they are designed to avoid deplet-
ing oxygen to less than 1% to 3% to prevent
fermentation (Bai et al. 2003). Methanogens are
obligate anaerobes and cannot survive in this
environment (Buan 2018). As a result, previous
work on microbial responses to low oxygen
controlled-atmosphere (CA) storage found no
evidence of increased anaerobic metabolism or
methanogenesis (Lane et al. 2023). However,
with wax, it is likely that there are anaerobic
pockets within the wax where methanogens can
persist. Although the abundance of methano-
gens is low (Fig. 4B), a predicted shift toward
methanogenesis was the most consistent change
in predicted metagenomic makeup (Fig. 4A).
Beyond methanogens, many bacterial genera in-
creased in abundance after waxing, with few de-
creasing, which could result from new niches or
the decrease in the abundance of Curtobacte-
rium and Pseudomonas, resulting in higher rela-
tive abundance of many rare genera.

Beyond the ecology of methanogens, the
finding of predicted methane-related path-
ways and modules increasing in abundance
after waxing may be important for postharv-
est physiology. Methane affects many aspects
of plant physiology, from tolerance against
abiotic stresses to interactions with signaling
molecules (Li et al. 2020). In particular,
methane has been shown to inhibit polyphe-
nol oxidase activity (Hu et al. 2018), which is
responsible for browning in apples (Murata
et al. 1995). Although the archaeal methano-
gen class Methanobacteria had low relative
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where treatments with no overlapping letters are different at P < 0.05, were determined by testing all
bacterial classes at each sampling month and correcting with the Benjamini-Hochberg method.

abundance even when present in our samples
(Fig. 4B), this is also true for methanogenic
archaea present in rice paddies, which ac-
count for substantial anthropogenic methane
production (Lee et al. 2015). Therefore, our
findings that predicted KOs related to metha-
nogenesis increase in abundance after waxing
may indicate a shift in methane production
and fruit physiology. These results highlight
how predictive genomic tools can be used
to explore plant-microbe interactions on
the whole microbiome level.

Although bacteria shifted with packing line
treatment, we did not find any evidence of
fungi doing so. This may be further indirect ev-
idence for the importance of waxing reducing
available oxygen on the peel surface, as fungi
are obligate aerobes and therefore would not
have the same ability as bacteria to shift to ac-
commodate low-oxygen or anaerobic condi-
tions. This has been shown in previous work
that found low-oxygen CA conditions shaping
microbiome composition in bacteria, but not
fungi, during extended storage (Lane et al.
2023). This is contrasted by previous work that
found strong effects of waxing on the fungal
community (Abdelfattah et al. 2020; Kumar
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et al. 2021), although waxing in these studies
only occurred at one time point. Therefore, our
work contributes to a body of mixed evidence
about waxing affecting fungi on a whole micro-
biome scale.

Where fungi did show larger shifts was in
sampling time. Unexpectedly, early-storage
October samples showed greater dissimilarity
from mid-storage March samples than they
did from late-storage July samples (Fig. 1B).
This contrasts with previous work that showed
that fungal communities tend to shift gradually
throughout cold storage, becoming more dif-
ferentiated over time (Abdelfattah et al. 2020;
Biasi et al. 2021; Lane et al. 2024b). One pos-
sible explanation for this is that, although the
commercial packing line in this study used ap-
ples from the same orchard, the fruit at the
three time points used likely came from differ-
ent orchard blocks. Therefore, the large differ-
ences in fungal microbiomes at the October
and March time points may result from quali-
ties of those specific orchard blocks in addition
to storage time length. Yet, if this is true, it
further highlights the consistency of observed
bacterial dynamics across different orchard
blocks.

We did not find evidence of the packing
line process decreasing the abundance of
postharvest pathogens such as Penicillium,
which was present at noticeable abundances
(Fig. 3B). This is similar to findings on sani-
tizing agents in mandarin fruit, where Peni-
cillium was abundant across all steps (Kumar
et al. 2021). Several other studies on apple
microbiomes report on Penicillium at an
overall > 1% abundance across healthy fruit
(Abdelfattah et al. 2016a; Lane et al. 2023,
2024a; McLaughlin et al. 2023; Shi et al.
2022; Wassermann et al. 2019a), with some
showing increased abundance after long-term
cold storage (Abdelfattah et al. 2020; Shen
et al. 2018), that aligns with high abundances
in March and July in our study. In addition,
multiple studies on fungicides show that ap-
plication does not decrease abundance of tar-
get pathogens (Karlsson et al. 2014; Lane
et al. 2024a). Therefore, it is likely that Peni-
cillium may be common in apple micro-
biomes even without infection. However, this
does not mean that sanitization is ineffective.
Culturing assays have been used to show that
chlorine sanitization reduces the viability of
Penicillium expansum on stored apples (Chen
et al. 2004; Salomao et al. 2008). This repre-
sents a limitation in the ability of microbiome
sequencing to convey postharvest pathogen
dynamics fully, suggesting that future studies
could benefit from pairing amplicon sequenc-
ing with culture-dependent methods.

Conclusion

We investigated the effects of packing
line dump sanitation and waxing on the
‘Honeycrisp’ apple microbiome at different
times during the storage year. Even though
fruit were obtained from different orchard
lots, the packing line treatments shifted bacte-
rial microbiomes. The largest shift occurred
at the waxing step, which affected bacterial
and fungal diversity, with waxed apples hav-
ing the greatest diversity. These dynamics
were influenced by the context of variable
preexisting microbiomes at different sam-
pling times, yet responses were generally
consistent. Bacterial taxonomic shifts were
widespread, with many genera increasing in
abundance. This corresponded to a diverse ar-
ray of metabolic functions in the predicted
metagenome increasing in abundance, the
most notable of which was methanogenesis.
These results indicate that commercial pack-
ing line treatments affect microbial communi-
ties on apple surfaces in a variety of ways,
highlighting the interconnected nature be-
tween the microbiology of postharvest stor-
age and the microbiology of food handling.
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