'l) Check for updates

Differences in PpAAT1 Activity in High- and Low-Aroma
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Aroma contributes to the unique flavors of fruits and is important for fruit quality evaluation. Among the many volatiles in
peach (Prunus persica) fruits, y-decalactone has the greatest contribution to the characteristic peach aroma. Some peach cultivars
have y-decalactone contents that are too low to detect. Comparison of the transcriptomes and metabolomes of a high-aroma
cultivar, Fenghuayulu, and a low-aroma cultivar, Achutao, suggested that amino acid substitutions in ALCOHOL
ACYLTRANSFERASE (PpAAT1) are responsible for the undetectable levels of y-decalactone in cv Achutao fruit. Modeling
and molecular docking analysis of PpAAT1 indicated that the substituted residues might determine substrate recognition or
act as control channels to the active site. In vitro enzyme assays on PpAAT1 heterologously expressed and purified from
Escherichia coli and in vivo assays using transient PpAAT1 expression in Nicotiana benthamiana or the oleaginous yeast
Yarrowia lipolytica indicated that PpAAT1 from high-aroma cultivars was more efficient than PpAAT1 from low-aroma
cultivars in catalyzing the conversion of 4-hydroxydecanoyl-coenzyme A into y-decalactone. Examination of loss-of-
function mutations of PpAAT1 generated by CRISPR/Cas9 in cv Fenghuayulu showed that fruits with PpAATI mutations
had significantly lower y-decalactone contents. Expression of the version of PpAATI1 from cv Fenghuayulu in cv Achutao
restored y-decalactone levels to those measured in ‘Fenghuayulu’, confirming the specific contribution of PpAAT1 to the
formation of this key aroma compound. These results show how the biosynthesis of the peach aroma compound
v-decalactone is compromised in some low-aroma cultivars and illustrate the physiological role of PpAAT1 in plant

lactone biosynthesis.

Fruit aromas attract seed-dispersal agents (Lomdscolo
etal., 2010; Hodgkison et al., 2013; Rodriguez et al., 2013;
Nevo et al., 2016) and are critical for promoting con-
sumer consumption of fruits (Gilbert et al., 1996; Ball
et al, 1998; Cipollini, 2000; Goff and Klee, 2006;
Steingass et al., 2015). Unlike other fruit characteris-
tics, fruit aroma is not amenable to high-throughput
assays, and breeding for aroma is beyond the capa-
bilities of most breeding programs. Therefore, breed-
ing programs have historically focused on yield, disease
resistance, and fruit firmness (Cao et al., 2014); im-
provement of aroma quality has not been a top priority
(Gutterson, 1993; Lauxmann et al., 2014). In the pro-
cess of constructing a peach (Prunus persica) core
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germplasm collection, we analyzed the characteristics
of peach cultivars in the National Fruit Germplasm
Repository (Nanjing, China) and found that, since the
1980s, some varieties have lost their peach-like aroma
(Yu et al., 2010; Shen et al., 2013).

The special aromas of some fruits depend on a mixture
of several compounds, as in tomato (Solanum lycopersi-
cum; Buttery et al.,, 1990). By contrast, in other fruits,
single compounds are almost entirely responsible for a
characteristic aroma, as with the key compound 4-
hydroxy-2,5-dimethyl-3(2H)-furanone, which is re-
sponsible for the aroma of strawberries (Fragaria spp.;
Larsen and Poll, 1992; Song et al., 2016). y-Decalactone
was identified in peach fruit in 1964, and its aroma was
found to be like that of peach jam (Jennings and
Sevenants, 1964). Subsequent studies showed that
v-decalactone is the main lactone component of the
volatiles from peach fruits (Sevenants and Jennings,
1966; Do et al., 1969). Gas chromatography (GC) and
sensory analysis of volatiles from cling peaches showed
that y-decalactone is the major contributor to the peachy
aroma (Spencer et al., 1978). Subsequent analyses of
peach fruit volatiles identified more than 100 com-
pounds and confirmed +y-decalactone as the most im-
portant component contributing to peach aroma (Horvat
etal., 1990; Jia and Okamoto, 2001; Eduardo et al., 2010;
Sénchez et al., 2012; Li et al., 2015; Zhang et al., 2017b).
Given that y-decalactone itself produces the typical
peach-like aroma, this compound is currently the most
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Figure 1. The putative pathway of y-lactone biosynthesis. EH, Epoxide hydrolase; PpACX1, acyl-CoA oxidase1; PpFAD, fatty acid

desaturase.

important lactone in the food and fragrance industry,
with a market volume of several hundred tons per year
(Braga and Belo, 2016).

The lactone biosynthetic pathway in plants has not
been fully elucidated. The current understanding is that
all lactones are fatty acid-derived flavor alkanolides
originating from saturated fatty acids, which go through
steps of dehydrogenation, epoxidation, hydration
hydroxylation, shortening by B-oxidation, and then
internal esterification with hydroxyacetyl-coenzyme A
(hydroxyacyl-CoA; Fig. 1; Schéttler and Boland, 1996;
Schwab et al., 2008; Aragiiez and Valpuesta, 2013;
Sanchez et al., 2013). Some enzymes specifically in-
volved in the formation of y-decalactone in peach fruits
have been reported, including fatty acid desaturase,
epoxide hydrolases, and acyl-CoA oxidase (Vecchietti
et al., 2009; Sanchez et al., 2013; Zhang et al., 2017b).
Recent studies have shown that the alcohol acyltrans-
ferases (AATs), which catalyze the transfer of an acyl
group from a CoA donor to an alcohol acceptor, are
critical for the biosynthesis of fruit aroma in apple
(Malus X domestica; Souleyre et al., 2014), banana (Musa
sapientum; Beekwilder et al., 2004), tomato (Goulet et al.,
2015), papaya (Carica papaya; Balbontin et al., 2010), and
kiwifruit (Actinidia chinensis; Souleyre et al., 2011). Gene
expression studies of peach fruits during postharvest
ripening have suggested that AATI is associated with
aroma formation (Zhang et al.,, 2010), and enhanced
expression of AAT1 prevents aroma loss due to chilling
injury (Xi et al., 2012). However, to the best of our
knowledge, functional verification of the AAT in peach
has not been reported.

In the putative y-lactone pathway, internal esterifi-
cation, a reaction that can be catalyzed by AAT, is the
last step of y-lactone biosynthesis. AATSs are capable of
combining various alcohols and acyl-CoAs to produce
a wide range of flavor esters (D’Auria, 2006; Schwab
et al., 2008; Aragiiez and Valpuesta, 2013). To date,
the characterization of AAT enzymes has focused
mainly on ester synthesis (Aharoni et al., 2000; Souleyre
et al., 2005, 2014; Goulet et al., 2015). Whether AATs in
peach are capable of catalyzing the synthesis of lactones
using hydroxyacyl-CoA as a substrate remains to be
demonstrated.
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To examine peach aroma, we compared a variety
with strong aroma and a variety with little aroma,
taking advantage of the diversity of peach cultivars in
core collections. To date, more than 600 peach cultivars
have been conserved and used to establish the core
collection at the National Fruit Germplasm Repository
in China; moreover, 60 morphological indexes have
been recorded from these cultivars (Shen et al., 2013). In
the standard description for peach, strong, intermediate,
and slight are used to describe aroma intensity (Wang
and Zhu, 2005). We found a high-aroma-producing
cultivar, Fenghuayulu, and a low-aroma-producing
cultivar, Achutao; the aromas of these cultivars were
consistently described as strong and slight, respectively,
over 10 years of cultivation in the germplasm repository.
In this study, we assessed these two cultivars through
combined metabolome and transcriptome analysis to
understand how vy-decalactone biosynthesis is compro-
mised in low-aroma cultivars. We also functionally
characterized PpAAT1 variants found in high- and low-
aroma-producing peach varieties in vitro and in vivo.
This study reports the physiological role of PpPAAT1 in
plant lactone biosynthesis and provides a solid founda-
tion for the improvement of peach cultivars by increas-
ing levels of the peach aroma compound y-decalactone.

RESULTS

PpAAT1 Is Associated with y-Decalactone Production in
High- and Low-Aroma Peach Varieties

To gain insight into how the biosynthesis of the peach
aroma compound y-decalactone is compromised in
some low-aroma cultivars, we undertook metabolic
and transcriptomic profiling in the high-aroma cv
Fenghuayulu and the low-aroma cv Achutao. To
identify a suitable sampling time, we first measured the
y-decalactone contents in ‘Fenghuayulu’ peach fruits at
10 sampling points during development. The GC re-
sults showed no y-decalactone in any of the three bio-
logical replicates at each sampling point before 124 d
after full bloom (DAFB). At 124 DAFB, y-decalactone
accumulated to levels detectable by GC in all three
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biological replicates, and its abundance progressively
increased until 132 DAFB (Fig. 2). Therefore, we selected
five developmental stages at which y-decalactone was
present to use in sampling for metabolome and tran-
scriptome analysis. For each time point, samples from
the two cultivars were matched to ensure similar ripe-
ness, based on the index of absorbance difference (Iap;
Zhang et al., 2017a); therefore, the cv Fenghuayulu
samples were collected at 124 to 132 DAFB and the cv
Achutao samples were collected at 112 to 120 DAFB (for
additional details, see “Materials and Methods”).
Ultra-performance liquid chromatography-mass spec-
trometry (UPLC-MS) combined with GC-MS detected
151 metabolites in cv Fenghuayulu, but UPLC-MS
only detected 89 metabolites in cv Achutao and GC-MS
only detected 20 metabolites (Supplemental Tables S1
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Figure 2. Accumulation profiles of in-
termediates in the putative y-decalactone
pathway in cvs Fenghuayulu and Achutao.
Data are presented as means = st (n = 3).
Letters indicate statistical differences at
P = 0.05 as determined using ANOVA
followed by Fisher’s Lsp test. Letters
outside parentheses indicate differ-
ences between the two cultivars at
each developmental stage, and those
inside parentheses indicate differences
in one cultivar across developmental
a(a) stages. FW, Fresh weight.
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and S2). The metabolome results showed no detectable
v-decalactone in any samples from cv Achutao (Fig. 2).

To further assess which steps in y-decalactone bio-
synthesis are compromised in cv Achutao, we identi-
fied putative intermediates and genes in the lactone
biosynthesis process in cv Fenghuayulu. We then cal-
culated Pearson’s correlation coefficients among the
metabolites from cv Fenghuayulu. With a cutoff of » >
0.6, 20 compounds showed positive correlations and
six showed negative correlations with y-decalactone
(Supplemental Table S3).

To more accurately assess the putative intermediates
in the y-decalactone biosynthesis pathway, we used
Paintomics 3.0 to assign the 26 compounds to nine bi-
osynthesis pathways in the Kyoto Encyclopedia of
Genes and Genomes (KEGG; Supplemental Table 54),
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but four compounds (2-methylbutanoic acid, 4-
hydroxydecanoic acid, 4-hydroxydecanoyl-CoA, and
1-octen-3-one) could not be integrated into the KEGG
pathway. The lactone components are mainly fatty
acid-derived flavor alkanolides (Schwab et al., 2008;
Aragiliez and Valpuesta, 2013). Therefore, we selected
11 compounds in the fatty acid metabolic and linoleic
acid metabolic pathways for further analysis. We also
selected 4-hydroxydecanoyl-CoA because it had a high
positive correlation with y-decalactone (Supplemental
Table S3). Thus, we chose 12 compounds in total for the
subsequent analysis.

We performed RNA sequencing (RNA-seq) analysis
of the two cultivars using samples from the same five
time points as in the metabolome analysis, with three
independent replicates for each. The data have been
deposited in the National Center for Biotechnology
Information Short Read Archive database (SRP156184).
A total of 6.71 Gb of sequencing reads were generated
on average for each sample. After read filtering, we
obtained an average of 44,627,256 clean reads, of which
76.24% were uniquely mapped to the peach reference
genome. We next calculated the gene expression levels
for each sample using RSEM (RNA-Seq expression es-
timation by Expectation-Maximization) and used these
results to identify differentially expressed genes (DEGs)
between samples (adjusted P < 0.05). Ten randomly
selected DEGs with different expression levels were
subjected to reverse transcription quantitative PCR
(RT-gPCR) validation, and the results from the RT-
qPCR were highly correlated with the reads per kilo-
base of exon model per million mapped reads values
from the RNA-seq analysis, which confirmed the ro-
bustness of the RNA-seq data (Supplemental Table S5).

To generate candidate genes likely to be involved in
v-decalactone biosynthesis, we considered for subse-
quent analysis those DEGs whose expression level was
higher than 1 reads per kilobase of exon model per
million mapped reads and that were specified in the
KEGG pathway for y-decalactone formation in cv
Fenghuayulu. We then subjected the 38 DEGs identi-
fied by Paintomics 3.0 to further correlation analysis
with the above compounds (Supplemental Table S6).
With cutoff values of r > 0.6 (Supplemental Table S7),
this process selected six compounds and nine unigenes
as components of the putative y-decalactone pathway
for subsequent analysis. The compounds were as fol-
lows: a free saturated fatty acid (octadecanoic acid), two
free unsaturated fatty acids (oleic acid and linoleic
acid), a free epoxy acid [12(13)-EpOME], a free hydroxy
acid (12,13-DHOME), and hydroxyacyl-CoA. The nine
unigenes encode fatty acid biosynthesis2 (FAB2), lyso-
phosphatidic acid acyltransferase (LPAAT), fatty acid
desaturase (FAD), phospholipase A2 (PLA;), a cytochrome
P450 family 77 member (CYP77), epoxide hydrolase (EH),
hydroxy fatty dehydratase (HFD), enoyl-CoA reductase
(ECR), and alcohol acyltransferasel (AAT1I).

The putative intermediates and genes in cv Fen-
ghuayulu were also found in cv Achutao and showed
similar trends during development: in both cultivars,
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the levels of putative intermediates (except octadeca-
noic acid) tended to increase, and the transcript levels in
all of the putative genes in both cultivars also tended to
increase (Figs. 2 and 3). For subsequent analysis, we
focused on the gene AAT (referred to as PpAATI), en-
coding AAT, which we believed might catalyze the last
step in lactone formation.

PpAAT1 Sequences in High- and Low-Aroma Cultivars
Showed Differences in Amino Acids Potentially Involved
in Substrate Binding

To identify whether the loss of y-decalactone in cv
Achutao was due to sequence variation in PpAAT1, we
cloned and sequenced the PpAATI coding sequences
(CDSs) from the two cultivars. PPAAT1 encodes a pre-
dicted polypeptide of 450 amino acids. The PpAAT1
proteins from cvs Fenghuayulu and Achutao (referred
to as fhPpAAT1 and acPpAAT1, respectively) both
contained an HXXXD-type acyltransferase-like motif
(HAMCD), similar to other known AATs (D’Auria,
2006). However, our sequence analysis identified mu-
tations encoding three amino acid substitutions in
acPpAAT1 compared with thPpAAT1 (Lys-30—Glu,
lle-49—Val, and Ala-343—Val). Phylogenetic analysis
of the amino acid sequences of these and other AATs
indicated that fhPpAAT1 and acPpAAT1 clustered to-
gether and had a close relationship with the AATs from
Fragaria X ananassa (Supplemental Fig. S1).

We performed computer modeling of PpAAT1 and
molecular docking studies to predict the putative
binding mechanism of 4-hydroxydecanoyl-CoA with
PpAAT1 (Fig. 4). To specifically analyze which amino
acids participate in substrate-enzyme recognition, we
used the combination mode of the molecular docking
software, which selected the most reasonable binding
conformations based on energy minimization. The re-
sults showed that during substrate binding to the active
site of PpPAATI, the amino acid residues primarily in-
volved in recognition are Ile-49, His-165, Ala-170, Ala-
174, Leu-177, Ser-262, Phe-264, Lys-298, Phe-314,
Arg-339, Lys-342, Ala-343, Ser-375, Asp-376, His-379,
and Phe-382 (Fig. 4A). These include two (Ile-49 and
Ala-343) of the three residues that differ between
fhPpAATI1 and acPpAAT1 (Fig. 4B). The third residue,
Lys-30, is located at the entrance to the active site of
PpAAT1 (Fig. 4C).

Next, we were interested in determining whether
sequence differences in PpAAT1 correlated with the
absence of peach aroma in other low-aroma cultivars.
Therefore, we selected 22 low-aroma peach cultivars, as
well as another high-aroma cultivar, from the National
Fruit Germplasm Repository for sequence analysis. The
results showed that all of the low-aroma cultivars we
tested had amino acid substitutions in PpAAT1 com-
pared with the sequence of thPpAATI, but another
high-aroma cultivar had no substitutions. Phylogenetic
analysis showed that the cultivars could be divided into
five clusters and the two high-aroma cultivars clustered

Plant Physiol. Vol. 182, 2020
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Figure 3. Gene expression in the putative y-decalactone pathway in cvs Fenghuayulu and Achutao. Data are presented as means
* st (n = 3), and letters represent significant differences at P < 0.05 as determined using ANOVA followed by Fisher’s tsp test.
Letters outside parentheses indicate differences between the two cultivars at each developmental stage, and those inside pa-
rentheses indicate differences in one cultivar across developmental stages. RPKM, Reads per kilobase of exon model per million

mapped reads.

together (clade II; Fig. 5). There were four substitution
types (clade I, I1I, IV, and V) for PpAAT1 in low-aroma
cultivars. In type L, the substitution occurred at amino
acid residue 29 (Thr-29—Asn). Types III and IV each
showed one of the substitutions seen in cv Achutao
(Ile-49—Val and Ala-343—Val, respectively), and type
V showed all three of the same substitutions as cv
Achutao.

In Vitro Enzymatic Characterization of the Five PpPAAT1
Types Showed Higher Activity in Types from
High-Aroma Cultivars

To test whether the variations in sequence affected
the internal esterification capabilities of the enzymes,
we isolated the CDSs of five PPAATI genes and func-
tionally evaluated them in vitro. The predicted molec-
ular masses of the recombinant His-tagged PpAAT1
proteins were 50.99, 50.96, 50.96, 50.96, and 50.97 kD,
and the western-blot bands detected using an anti-His
antibody were within the expected size ranges
(Fig. 6A). In addition, liquid chromatography-tandem
mass spectrometry (LC-MS/MS) data showed 94.3%,
93.91%, 91.66%, 93.7%, and 90.16% sequence coverage
rates for the PpAAT1 His-tag protein hydrolyzed

Plant Physiol. Vol. 182, 2020

peptide segments, respectively, confirming the identity
of the recombinant enzymes.

To evaluate the catalytic activity of the recombinant
enzymes, we assessed their production of y-decalactone
when provided with 4-hydroxydecanoyl-CoA as a sub-
strate. After the reaction, GC-MS analysis showed the
formation of a single major peak, corresponding to
vy-decalactone, that was not detected in a control reaction
with nonfunctional (boiled) protein. The results indi-
cated that all of the PpAAT1s could catalyze the in-
ternal esterification of 4-hydroxydecanoyl-CoA to
v-decalactone, but the type II PpPAAT1 produced sig-
nificantly more y-decalactone (Fig. 6B). Kinetic mea-
surements were performed to better understand the
enzymatic characteristics of PpPAAT1 (Table 1). The
type Il enzyme exhibited a lower K,,, value and a much
higher K,/ Ky, ratio for the 4-hydroxydecanoyl-CoA
substrate test than the other four PpAAT1s. Thus, type
I PpAAT1s are more catalytically active with the 4-
hydroxydecanoyl-CoA substrate than the other four
types of PpAATI.

In some fruits, AAT is also able to synthesize esters,
which also affect fruit aroma (Aharoni et al.,, 2000;
Souleyre et al., 2005, 2014; Goulet et al., 2015). There-
fore, we assessed the esterification activity of the
PpAAT]1 variants toward different substrates. We used
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Figure 4. Orientation of important residues during the internal esterification reaction. A, Docking analysis with substrate (the
ball-and-stick model represents 4-hydroxydecanoyl-CoA). B, Amino acid substitutions in the PDAAT1 variants of low-aroma
cultivars (the ball-and-stick model represents 4-hydroxydecanoyl-CoA, and the blue region represents the residues involved in the
recognition). C, Thr-29 and Lys-30 are located at the entrance of PpAATT.

different alcohols and acetyl-CoA that could potentially
produce the esters found in cv Fenghuayulu (Supplemental
Table S2) in this study. The results showed that a similar
amount of propyl acetate, but greater amounts of hexyl
acetate, decyl acetate, and phenylmethyl acetate, were
produced in the presence of type II PpAATI1 as com-
pared with the other four types (Fig. 6C).

Transient Expression of PpAATI Types in Nicotiana
benthamiana Leaves Confirmed the PpAAT1 Activity
in Planta

To examine the activity of the PPAAT1 enzymes in
planta, we transiently expressed them in N. benthamiana
leaves. When provided with 4-hydroxydecanoyl-CoA
substrate, N. benthamiana plants expressing type II
PpAAT1 produced significantly more +y-decalactone
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(Fig. 6D) in their leaves than the other four transgenic
lines. Meanwhile, there was no detectable y-decalactone
in the empty vector-transformed or negative control N.
benthamiana leaves. Thus, the products derived from
PpAATIsin plant tissues confirmed the differing in vitro
activities of the five PpAATIs, in particular their differ-
ent y-decalactone synthase activities.

Functional Tests of PpAAT1 Types in Oleaginous Yeast
Confirm Their Differing Abilities to
Produce y-Decalactone

To examine the catalytic activities of the AATSs
encoded by the five types of PPAATI genes, we isolated
the CDSs of the PpAATI genes and tested them by
heterologous expression in oleaginous yeast (Yarrowia
lipolytica). We detected three lactones in the control cells

Plant Physiol. Vol. 182, 2020
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transformed with the empty vector (Fig. 7). The five
strains of recombinant oleaginous yeast containing the
five PpAATI genes showed different y-decalactone
production abilities. The transformants containing the type
II PpAAT1 gene, but not PpAATI genes of the four other
types, had significantly higher lactone contents (Fig. 7).

CRISPR/Cas9 Mutagenesis of PpAAT1 in cv Fenghuayulu
Reduces Fruit y-Decalactone Contents

To determine whether these substitutions were re-
sponsible for the lack of y-decalactone in cv Achutao
fruit, we used CRISPR/Cas9 to generate PpAAT] loss-
of-function mutations in cv Fenghuayulu fruit. We
chose four targets in the region where substitutions
occurred in the low-aroma cultivars (Supplemental Fig.
52) and selected four sequences (three 20-bp targets and
one 19-bp target) in the PpAATI locus with tandem
guanosine nucleotides (protospacer-adjacent motifs) as
single guide RNA (sgRNA) complementary sites
(Fig. 8). Then, we constructed a CRISPR/Cas9 vector
harboring these four sgRNA cassettes. To deliver the
CRISPR/Cas reagents, Agrobacterium tumefaciens con-
taining either this construct or the empty vector was in-
jected into developing fruits of ‘Fenghuayulu’ peach trees.

Plant Physiol. Vol. 182, 2020
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Figure 5. Phylogenetic analysis of the
amino acid sequences of PpAATT from
different peach cultivars. Phylogenetic
analysis was performed using the maxi-
mum likelihood method with 1,000
bootstrap replicates using MEGA 6.06.
The numbers on the nodes are support
values. High-aroma cultivars are as follows:
Fenghuayulu and Baohua. Low-aroma
cultivars are as follows: Nanshantiantao,
Chunxiami, Xiao, Xiahui, Qiyuan, Nonglin,
Longhua, Datuan, Chunmi, Chiyuan,
Changyi, Baitao, Achutao, Abu, Youmin,
Xian, Jingxiu, Dahua, Yanwo, Xiacui,
Shiwo, Qingwang, and Huayu.

When the transgenic, empty vector-injected, and neg-
ative control (uninjected cv Fenghuayulu) fruits reached
the best harvesting time (determined based on the Izp
[Iap = 0.1]), we conducted GC-MS analysis. As compared
with the control fruits, 70 out of 200 fruits injected with A.
tumefaciens containing the CRISPR/Cas9 vector harboring
the four sgRNA cassettes showed significantly lower
levels of <y-decalactone and the other four lactones
(y-hexalactone, &-decalactone, vy-dodecalactone, and
6-dodecalactone; Table 2). However, there were no obvi-
ous differences in lactone content in the empty vector-
injected fruits compared with the uninjected fruits.

To examine the PpAATI alleles produced, 20 clones
from each of the 200 transgenic fruits and empty vector-
injected fruits were randomly selected for sequencing.
The sequencing results showed that 151 of the transgenic
fruits carried mutations, whereas 49 had no detectable
mutations in PpAATI1. A total of 20 mutant fhPpAATI
gene variants were detected (Fig. 8) and all of the mutant
fruits were found to be mosaic, containing one to 12
mutations. No mutations were detected in the fruits
containing the empty vector. Most of the fhPpAATI
mutations obtained were small insertions or deletions at
the target sites, caused by nonhomologous end-joining
repairs following sgRNA-directed Cas9 cleavage. Type
5, type 9, and type 10 were synonymous mutations.
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Figure 6. Enzymatic activity of the five PDAAT1 variants. A, Western analysis of the five PpAAT1 variants. B, The content of
v-decalactone produced by the five kinds of PpAAT1 in vitro. C, Comparison of esterification activity of the five PpAAT1 variants
*+ se (n = 6). The differences in activity between the type Il and other PpAAT1s are significant for all the esters (P = 0.05) except
propyl acetate. The 100% relative activity corresponds to 0.22 umol min~" mg~" hexyl acetate. D, y-Decalactone contents
detected in transgenic N. benthamiana leaves expressing the five PpAAT1 variants. Data are presented as means * st (n = 6), and
letters represent significant differences at P < 0.05 as determined using ANOVA followed by Fisher’s Lsp test.

To better understand the efficiency of the loss of
function caused by CRISPR/Cas9, we calculated the
mutation rates in the 151 transgenic fruits. For example,
if six mutant fiPpAATI1 genes were found in the 20
clones from one fruit, the mutation rate was defined as
30%. Synonymous mutants were treated as 0. The
samples showed varying mutation rates, from 0% to
60%. The higher mutation percentages (25% to 60%) in
the fruits from those 70 mutated varieties resulted in
significant reductions in lactone content, whereas the
fruits with low mutation rates (0% to 20%) showed no
significant changes in lactone content (Table 2).

We also analyzed the transgenic fruits for the presence
of the principal esters, alcohols, acids, aldehydes, and

4-hydroxydecanoyl-CoA (Table 2). The GC-MS results
showed that only those transgenic fruits with high mu-
tation rates showed a clear reduction in total esters. In
contrast, the levels of total alcohols and aldehydes were
higher in those transgenic fruits than in the controls, while
the levels of acids were similar. Interestingly, the precur-
sor of y-decalactone, 4-hydroxydecanoyl-CoA, was also
increased in those high-mutation-rate transgenic lines.

Expression of fhiPpAAT1 in Non-y-Decalactone-Producing
Fruits Rescues y-Decalactone Production

We carried out a functional assay to test the ability of
type Il PPAAT1 from the high-aroma cv Fenghuayulu

Table 1. Enzyme kinetics of the five recombinant PpAATT1s using 4-hydroxydecanoyl-CoA as substrate
Data are presented as means = st. Letters indicate significant differences at P < 0.05 (n = 6) as de-

termined using ANOVA followed by Fisher’s sp test.

Enzymes Kin Keat Keat/ Kin

mm s
Type | 6.5211 = 0.4321 b 0.1552 = 0.0112 b 0.0232 £ 0.0011 b
Type Il 2.4144 = 0.1516 a 2.2411 = 0.0991 a 0.9507 = 0.0661 a
Type llI 6.3314 = 0.5611 b 0.1446 = 0.0191 b 0.0224 + 0.0031 b
Type IV 7.0852 = 0.6911 b 0.1720 = 0.0160 b 0.0220 + 0.0013 b
Type V 6.2014 *= 0.4952 b 0.1730 = 0.0120 b 0.0271 £ 0.0014 b
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(fhPpAAT1) to produce high levels of y-decalactone in
the low-aroma cv Achutao, which normally does not
accumulate +y-decalactone to detectable levels. We
assessed fhiPpAAT1 expression through RT-gPCR based
on the TagMan assay, using a TagMan MGB probe that
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Figure 7. GC-MS analysis of lactone production from oleaginous yeast strain Po1g containing different types of PpAATI1. Data are
presented as means = st (n = 8), and letters represent significant differences at P= 0.05 as determined using ANOVA followed by

Fisher’s LsD test.

PAM

CAAGCAGCTGTCGGATAT - -AGACGACCAGGACGGCCT

PAM
Target2 AAGGAAACGACGCCGTTA - - TGGTGATCAGGGAAGCACT

Target 3

Target 4

HAEEARAC

Plant Physiol. Vol. 182, 2020

-MK - -HeENEETcAEEERABCECH

-1 type 11
-1 type 12

WT

+1 typel3
-2 typel4
-1 typel5
-57 type 16

WT

-57 typelé
-1 typel?7
-2 typel8
-1 type1l9
-1 type20

was specific for the fhPpAAT1 sequence. The expression
of fhiPpAAT1 was significantly higher in all 100 trans-
genic fruits relative to empty vector-transformed and
uninjected controls (which showed little or no FAM
signal; Fig. 9A). The very weak signals detected in

Figure 8. Specific mutations of fhPpAATT in-
troduced into peach fruits using CRISPR/Cas9.
Numbers in black at right represent the numbers
of mutant bases. PAM, Protospacer-adjacent
motif; WT, wild type.
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Table 2. Lactones, esters, alcohols, acids, aldehydes, and 4-hydroxydecanoyl-CoA in the cv Fenghuayulu CRISPR/Cas9 transgenic fruits and controls
Data are presented as means * st (n = 6). Letters indicate significant differences at P < 0.05 as determined using ANOVA followed by Fisher’s

LSD test.

Metabolic Compounds

High-Mutation-Rate Fruits

Low-Mutation-Rate Fruits

Empty Vector Control

Wild Type (Uninjected Fruits)

Lactone
y-Decalactone
y-Hexalactone
§-Decalactone
y-Dodecalactone
8-Dodecalactone
Total lactones

Ester
Phenylmethyl acetate
Decyl acetate
Hexyl acetate
Propyl acetate
Total esters

Alcohol
Hexanol
Benzyl alcohol
Decanol
Propanol
3-Hexen-1-ol
Total alcohols

Acid
Heptanoic acid
Octanoic acid
Hexanoic acid
Butanoic acid, 2-methyl-
Acetic acid
2-Hexenoic acid
Total acids

Aldehyde
Hexanal
Benzaldehyde
3-Hexenal
Octanal
Total aldehydes

4-Hydroxydecanoyl-CoA

0.903 = 0.411 b

0.194 = 0.072 b

0.329 £ 0.107 b

0.413 £ 0.116 b

0.561 = 0.169 b
2.4

0.093 = 0.015 b
0.061 = 0.011 b
0.422 £ 0.129 b
0.068 * 0.041 b
0.644

2.271 £ 0.659 a
23.482 = 5.021 a
2.854 £ 0.763 a
1.401 £ 0.422 a
1.142 £ 0.233
31.15

3.315 = 0.411
1.149 £ 0.189
1.314 £ 0.245
0.834 = 0.097
0.115 = 0.022
1.511 £ 0.206
8.238

0.867 = 0.291 a
49.877 £ 9.179 a
0.547 = 0.251
7.730 £ 1.189
59.021
41.903 £ 15.651 a

2.790 = 0.842 a
0.477 £ 0.191 a
0.913 = 0.296 a
1.129 £ 0.388 a
1.336 £ 0.429 a
6.645

0.311 £ 0.083 a
0.196 = 0.036 a
1.245 £ 0327 a
0.221 = 0.037 a
1.973

0.608 * 0.091 b
11.334 £ 4108 b
1.238 £ 0.341 b
0.582 + 0.105 b
1.122 £ 0.276
14.984

3.395 = 0.341
1.051 £ 0.182
1.312 = 0.400
0.921 = 0.115
0.135 = 0.031
1.461 £ 0.132
8.275

0.231 = 0.084 b
30.528 = 7.195 b
0.509 = 0.117
6.992 = 1.024
38.260
13.633 £ 4.718 b

3.599 = 0.411 a
0.532 = 0.092 a
1.103 £ 0.198 a
1.473 £0.191 a
1.614 £ 0.177 a
8.321

0.379 = 0.045 a
0.221 = 0.031 a
1.405 £ 0.119 a
0.249 * 0.019 b
2.254

0.466 * 0.059 b
9.521 = 1.108 b
0.929 = 0.104 b
0.453 £ 0.061 b
1.100 = 0.154
12.469

3.195 = 0.241
1.027 = 0.116
1.612 = 0.100
0.823 = 0.095
0.155 = 0.021
1.501 = 0.132
8.313

0.161 * 0.024 b
22.109 = 3.246 b
0.496 = 0.073
6.230 = 0.889
28.996
9.533 £ 1.106 b

3.726 = 0.390 a
0.546 = 0.089 a
1.017 £ 0.1490 a
1.489 £ 0.151T a
1.706 £ 0.113 a
8.484

0.331 = 0.071 a
0.234 = 0.021 a
1.397 £ 0.108 a
0.233 £ 0.027 b
2.195

0.429 * 0.061 b
9.022 * 0.808 b
0.950 * 0.058 b
0.401 £ 0.022 b
1.111 £ 0.135
11.913

3.257 = 0.308
1.039 = 0.132
1.416 = 0.182
0.901 = 0.104
0.144 = 0.015
1.612 = 0.182
8.369

0.152 £ 0.020 b
23.126 = 3.278 b
0.477 = 0.061
6.324 = 0.979
30.079
9.732 £ 0.956 b

control fruits might be due to false priming or primer-
dimer formation (Billard et al., 2012). Lactone accu-
mulation also increased in the transgenic fruits and was
undetectable in the control fruits (Fig. 9B), and the
levels of total esters were higher in the transgenic fruits
than in the control fruits (Table 3). In contrast, the total
alcohol and aldehyde contents were significantly lower
in the transgenic fruits than in the controls, as was the
content of the precursor of y-decalactone, 4-hydrox-
ydecanoyl-CoA.

DISCUSSION

In this study, we compared the transcriptomes and
metabolomes of high- and low-aroma peach varieties
and found that differences in the enzymatic activity of
the AATs of high- and low-aroma peach varieties affect
v-decalactone production. We also established that
three amino acid substitutions in PpAAT1 in low-
aroma peach varieties such as ‘Achutao’ result in an
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undetectable level of y-decalactone. Our sequencing of
other low-aroma cultivars indicated that substitutions
might cause the absence of y-decalactone. Studies in
other species such as papaya, apple, and tomato have
observed that substitutions in AATSs are responsible for
decreases in aroma compounds (Morales-Quintana
et al., 2013; Souleyre et al., 2014; Goulet et al., 2015). A
3D model analysis showed that these substitutions in
low-aroma cultivars may affect the enzyme’s ability to
interact with substrates and might affect the entrance to
the active site. Substitutions affecting the entrance were
also observed with the AATs of Cucumis melo and C.
papaya (Morales-Quintana et al., 2012; Galaz et al,
2013). Molecular docking results identified 16 key
amino acids that participate in y-decalactone biosyn-
thesis; further work will be required to establish their
individual contributions to the catalytic efficiency of the
enzyme.

To date, the model plants chosen for wide study, such
as tomato, rice (Oryza sativa), and Arabidopsis (Arabi-
dopsis thaliana), lack lactones (Sanchez et al., 2013;

Plant Physiol. Vol. 182, 2020
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Figure 9. Overexpression of fhPpAAT1
in cv Achutao increased the lac-
tone content. A, Transcript levels of
fhPpAATT in fruits relative to the wild
type and empty vector controls. B,
Lactone accumulation also increased
in the transgenic fruits and was unde-
tectable in the wild type and empty
a vector controls. Data are presented as
a means * st (n = 10), and letters rep-
T resent significant differences at P =
0.05 as determined using ANOVA fol-
lowed by Fisher’s Lsp test. FW, Fresh
weight.

Zhang et al., 2017b). The functions of the genes and
enzymes involved in the lactone biosynthesis pathway
are still poorly understood. In this study, we elucidated
the biological significance of PpAAT1 through recom-
binant enzyme activity analysis in vitro, transient ex-
pression in N. benthamiana, heterologous expression in
Y. lipolytica, and loss- and gain-of-function testing in
peach fruits.

We found that PpAAT1s are capable of catalyzing
internal esterification at the hydroxyl (-OH) and -CoA
groups of 4-hydroxydecanoyl-CoA in vitro and that the
type Il PpAATI from high-aroma cultivars was more
catalytically active than the type I, III, IV, and V
PpAATIs from low-aroma cultivars. Furthermore,
transient expression in N. benthamiana and heterologous
expression in oleaginous yeast confirmed that the
presence of substitutions in PpAATI genes corresponds
to the absence of y-decalactone in low-aroma peach
cultivars. y-Decalactone, the primary component of
peach aroma, is difficult to detect in low-aroma peach
fruits, possibly because the mutant PpAAT1s produce
so little of it. Because other esters also affect peach fruit
aroma (Eduardo et al.,, 2010), we investigated other
esterification activities of the PpAAT1s and found that
type Il PpPAAT1 produced significantly greater amounts
of other esters as well. This indicates that PpAAT1 is
capable of catalyzing the synthesis of a broad range of
esters, like the AATSs found in other fruits (Aharoni et al.,
2000; Souleyre et al., 2005; Schwab et al., 2008; Morales-
Quintana et al., 2012; Galaz et al., 2013). This may ex-
plain why the content of aroma volatiles in general was
far greater in the high-aroma peach cultivars. For an
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in vivo loss-of-function test, we used the CRISPR/Cas9
system to knock out fhiPpAATI in the high-aroma cv
Fenghuayulu, confirming that substitutions in PpAATI
have led to loss of y-decalactone in some low-aroma
cultivars. Overexpression of fiPpAAT]I in the low-aroma
cv Achutao fruits validated the role of PpAATI1 in
v-decalactone production, as the levels of y-decalactone
were higher in transgenic fruits compared with non-
transgenic controls. These in vivo observations are in
agreement with the catalytic capabilities of PpAAT1
determined in vitro.

In this work, we found that the last step in the bio-
synthesis of the peach aroma compound y-decalactone
is compromised in some low-aroma cultivars and
identified and functionally characterized PpAAT1 as
catalyzing the internal esterification in the putative
v-decalactone biosynthesis pathway. To fully elucidate
the y-decalactone biosynthesis pathway, we will con-
tinue to investigate other genes in the pathway.

CONCLUSION

In peach fruits, y-decalactone is the most important
chemical contributor to aroma. We conducted tran-
scriptomic and metabolomic comparisons between a
high-aroma and a low-aroma peach cultivar. Sequence
substitutions in PpAAT1 in low-aroma cultivars were
found to be responsible for their undetectable levels of
y-decalactone. The results of our functional tests of
PpAAT1 and loss- and gain-of-functions studies both
in vitro and in vivo provide a foundation for improving
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Table 3. Esters, alcohols, acids, aldehydes, and 4-hydroxydecanoyl-CoA in the cv Achutao thPpAAT1-overexpressing fruits and controls

Data are presented as means * st (n = 6). N.D., Below the limit of quantification, which is defined as signal/noise > 5. Letters indicate significant
differences at P = 0.05 as determined using ANOVA followed by Fisher’s Lsp test.

Metabolic Compounds fhPpAATT Overexpressing

Empty Vector Transformed Wild Type (Uninjected Fruits)

Ester
Phenylmethyl acetate
Hexyl acetate
Propy! acetate
Total esters
Alcohol
Hexanol
Benzyl alcohol
Propanol
Total alcohols
Acid
Heptanoic acid
Octanoic acid
Hexanoic acid
Butanoic acid, 2-methyl-
Acetic acid
2-Hexenoic acid
Total acids
Aldehyde
Hexanal
Benzaldehyde
Octanal
Total aldehydes

0.101 = 0.041
0.269 = 0.079
0.591 = 0.106 a
0.961

0.317 £ 0.106 b
0.932 £ 0.249 b
0.146 = 0.083
1.395

4.104 = 0.503
0.806 = 0.121
1.915 £ 0.203
0.817 = 0.022
0.192 = 0.024
1.942 = 0.303
9.776

0.079 = 0.011 b
6.132 £ 1.031 b
3.851 = 0.632
10.062
2.426 = 0.581 b

N.D.

N.D.
0.253 = 0.033 b

0.253

1.068 * 0.232 a

1.875 £0.139 a

0.429 = 0.052
2.925

4.116 = 0.425
0.816 = 0.047
1.899 = 0.252
0.919 = 0.071
0.196 = 0.021
1.941 £ 0.117
9.887

0.281 = 0.027 a
9.859 = 0.731 a
4.077 = 0.359
14.217
12.121 = 1.708 a

N.D.

N.D.
0.262 £ 0.041 b

0.262

1.014 £0.115a

1.901 £ 0.116 a

0.488 = 0.033
2.915

4.279 = 0.517
0.791 = 0.019
1.985 = 0.142
0.818 = 0.091
0.189 = 0.012
1.886 = 0.193
9.948

0.281 = 0.027 a
9.974 = 0.912 a
4.317 = 0.426
14.572
12.331 = 1.621 a

4-Hydroxydecanoyl-CoA

peach cultivars through alterations in the content of the
peach-like aroma compound y-decalactone.

MATERIALS AND METHODS
Plant Material

Peach fruits (Prunus persica, ‘Fenghuayulu’ and ‘Achutao’) were harvested
from the National Peach Germplasm Repository (Nanjing, China). Other peach
cultivars used in this study were also collected from National Peach Germplasm
Repository.

The development of peach fruits can be divided into four distinct maturity
stages (S1-S4), with y-decalactone usually becoming detectable during S4
(Lombardo et al., 2011). Peach fruit maturity was determined based on the Isp,
which measures the loss of chlorophyll as fruits ripen by comparing absor-
bances at 670 and 720 nm (Zhang et al., 2017a). Cultivator Fenghuyulu fruits
were sampled at time points corresponding to the final two maturity stages (S3
and $4) at 114 (Iap = 1.3), 116 (Iap = 1.2), 118 (Iap = 1.1), 120 (Ixp = 0.9), and
122 (Iap = 0.7) DAFB (S3) and at 124 (Isp = 0.5), 126 (Iap = 0.4), 128 (Iap = 0.3),
130 (Iap = 0.2), and 132 (Iap = 0.1) DAFB (S4). The best harvest time for cv
Fenghuyulu was found to be 132 DAFB. The sampling time points for cv
Achutao were selected to correspond to the same fruit maturity point as used
for cv Fenghuayulu based on Isp. Therefore, cv Achutao was sampled at 102,
104,106,108, and 110 DAFB (S3) and at 112, 114, 116, 118, and 120 DAFB (S4). At
each sampling point, three biological replicates, with six fruits in each, were
sampled. Following this, the samples were mechanically peeled, cored, sliced,
frozen in liquid nitrogen, and stored at —80°C for use in further experiments.

Analysis of y-Decalactone Content

The y-decalactone content in the peach fruits of the two cultivars harvested
at each sampling point was measured as previously described (Eduardo et al.,
2010; Xi et al., 2012; Zhang et al., 2017b). The analysis was performed on a 7890
A Agilent GC device equipped with a DB-WAX column (0.32 mm, 30 m,
0.25 um; J&W Scientific). Frozen mesocarp tissues were ground to a powder in
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liquid nitrogen. A 600-mg sample of frozen tissue powder from each replicate
was sealed in a 15-mL vial. Then, the volatile compounds were extracted by
adsorption to a fiber coated with 65 um of polydimethylsiloxane and divinyl-
benzene (Supelco). Conditions for the GC analysis were as follows: injector
230°C, initial oven temperature 40°C held for 2 min, increased by 5°C min™! to
240°C, and then held for 2 min. Nitrogen was used as a carrier gas at 1 mL min~".
A commercial y-decalactone standard (Sigma-Aldrich) was used to confirm the
compound annotation. A standard curve for y-decalactone was generated by
analyzing a standard concentration series ranging from 2 ug mL~! to 5 mgmL .

Metabolome Analysis

In line with the foregoing results, samples from the two cultivars were taken at
the stages at which y-decalactone was present and then subjected to metabolome
analysis. In order to obtain as many intermediates in the y-decalactone biosyn-
thesis pathway as possible, GC-MS (Agilent 7890 A gas chromatograph coupled
with a 5975 C mass spectrometer detector; Agilent Technologies) and UPLC-MS
(2777C UPLC system coupled with a Xevo G2-XS QTOF mass spectrometer de-
tector; Waters) were used to perform untargeted metabolomic analyses.

The GC-MS analysis was performed essentially as described by Sanchez
et al. (2012) with some modifications. For each sample, 20 uL of 2-octanol
(20 mg mL~%; Sigma-Aldrich) was added as an internal standard for GC-MS
analysis, and GC was conducted using the same capillary column and chro-
matographic conditions as for the previous GC analysis. The mass spectra
conditions were as follows: ionizing electron energy 70 eV, transfer line tem-
perature 280°C, electron-impact ion source temperature 230°C, and scan range
mass-to-charge ratio 50 to 550. The GC-MS data were acquired using MSD
ChemStation software (Agilent Technologies) in the NIST 11 mass spectral li-
brary. The quantification analysis was conducted using the internal standard
curves method described by Eduardo et al. (2010) combined with the quality
control-based robust LOESS (locally estimated scatterplot smoothing) signal
correction (QC-RLSC protocol; Dunn et al., 2011).

The UPLC-MS analyses were conducted according to Arbona et al. (2009)
with some modifications. A 180-mg sample of frozen powdered fruit tissue,
1,000 uL of cold methanol:water (1:1, v/v), and 100 um ricinolic acid (internal
standard) were mixed per replicate. Then, the samples were centrifuged at
12,000 for 30 min at 4°C and the supernatants were transferred to new tubes.
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The injection volume for each sample was 10 uL. Each sample was analyzed
three times so that a higher level of precision could be achieved. An ACQUITY
UPLC BEH C18 column (100 mm X 2.1 mm, 1.7 um; Waters) was used for the
reverse phase separation. The mobile phase consisted of 0.1% (v/v) formic acid
in water (solvent A) and 0.1% (v/v) formic acid in acetonitrile (solvent B). A
constant flow rate of 0.4 mL min~! was used with the following gradient elution
conditions: initially 100% A, held for 0 to 2 min; then 2 to 9 min 0% B to 100% B;
and then 100% B, held for 9 to 11 min. A high-resolution tandem mass spec-
trometer (Xevo G2-XS QTOF; Waters) was used to detect the metabolites eluted
from the column. The QTOF device was operated in both positive and negative
ion modes. For the MS/MS detection, all precursors were fragmented using 20
to 40 eV, and the scan time was 0.2 s. The MS data were analyzed using the
Progenesis QI program (version 2.2; Waters). The KEGG database was used to
align the molecular mass data (mass-to-charge ratio) to annotate metabolites.
The quantitative analyses used the internal standard method (Sadre et al., 2016)
combined with the QC-RLSC protocol (Dunn et al., 2011). The qualitative and
quantitative determination of 4-hydroxydecanoyl-CoA (Accela ChemBio) was
carried out using the standard sample and standard curve in LC analysis by
Shanghai Accela ChemBio.

Pearson correlation coefficients between metabolites were calculated using
the programming language R, and the metabolites that met the criterion (» > 0.6)
for y-decalactone were located in the KEGG pathway with Paintomics 3.0
(Garcia-Alcalde et al., 2011).

Transcriptome Analysis

We performed RNA-seq analysis of the two cultivars using samples from the
same time points as in the metabolome analysis. Total RNA was extracted from
frozen tissue powder using a TaKaRa MiniBEST Plant RNA Extraction Kit and
treated with RNase-free DNase I (Takara). RNA quantity and quality were
evaluated using a NanoPhotometer spectrophotometer (Implen) and an RNA
Nano 6000 Assay Kit, which is part of the Bioanalyser 2100 system (Agilent
Technologies). RNA-seq was performed at the Beijing Genomics Institute on an
Illumina HiSeq 4000 platform, and 150-bp single-end reads were generated. The
clean reads were obtained after filtering out the reads with low quality, con-
taining adaptors, or having a high content of unknown bases (N). HISAT
(version v0.1.6-beta) was used to map the clean reads to the reference genome,
which was obtained from the Genome Database for the Rosaceae (http://
www.rosaceae.org/peach/genome). Gene expression levels were calculated by
RSEM (version v1.2.12). Then, DEseq2 and PossionDis were used to detect
DEGs from the different samples with the default parameters. The DEGs were
located in the KEGG pathways using Paintomics 3.0 (Garcia-Alcalde et al.,
2011).

Combined Transcriptome and Metabolome Analysis

To identify the possible intermediates and candidate genes involved in the
putative y-decalactone biosynthesis pathway, Pearson correlation coefficients
between candidate compounds and genes, specified in the KEGG pathway for
y-decalactone formation, were calculated using R.

RT-qPCR

RT-qPCR was performed on an ABI-7500 system (Applied Biosystems) us-
ing SYBR Green qPCR Master Mix (Takara). The first-strand cDNA was syn-
thesized using a PrimeScript II First Strand ¢cDNA Synthesis Kit (Takara)
according to the manufacturer’s instructions. All cDNA samples were stored at
—-20°C and diluted 10-fold with RNase-free water before being used as a tem-
plate for the RT-qPCR and further analyses. The primers used for the RT-qPCR
are listed in Supplemental Table S5. The thermal cycling conditions were
according to Zhang et al. (2012).

Sequence Analysis and Gene Isolation of PpAAT1

Gene-specific primers for the full-length PpAAT1 were designed using its
homologous gene sequence in the Genome Database for the Rosaceae
(Supplemental Table S8). The PpAAT1 genes were amplified using Mastercycler
pro (Eppendorf), and the cDNAs were used as the templates. The PCR products
were cloned into PMD 18-T (Takara) and sequenced by Tsingke. The amino acid
sequences produced were translated using MEGA 6.06 (Tamura et al., 2013).
Then, the amino acid sequences for PpPAATI, along with other known AATs,
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were phylogenetically analyzed using the maximum likelihood method with
1,000 bootstrap replicates using MEGA 6.06. The 3D models of PpPAAT1 pro-
teins were built by homology modeling. The crystal structures were retrieved
from the Protein Data Bank with the National Center for Biotechnology Infor-
mation’s Protein BLAST tool. The crystal structure of an Arabidopsis (Arabi-
dopsis thaliana) acyltransferase protein (Protein Data Bank no. 5KJT) was
selected as the template for PpAAT1 based on the high-resolution crystal
structures of homologous proteins. Homology modeling of the PpAAT1 pro-
teins was carried out using modeler v9.19 (http://salilab.org/modeller/).
Further molecular mechanics optimization was carried out in order to obtain
the reasonable 3D structural model resulting from modeler. The optimized
protein model was evaluated using the PROCHECK program (Laskowski et al.,
1993). Docking studies were performed using AutoDock 4.2.6 (Morris et al.,
2009) and optimized using the MOPAC program (Stewart, 1990) to predict the
putative binding of 4-hydroxydecanoyl-CoA.

Recombinant Protein Preparation

The full-length cDNAs of the different PpAAT1 variants were cloned into the
pET6xHN Expression Vector (Takara) according to the supplier’s recommen-
dations. The expression and purification of recombinant proteins from Esche-
richia coli were performed using the pET Express & Purify Kits (Takara)
according to the manufacturer’s instructions. Confirmation of the identity of the
recombinant proteins was carried out using LC-MS/MS by Shanghai Applied
Protein Technology. Concentrations of PPAATI1 proteins were determined by
densitometry using BSA as a standard.

PpAAT1 Enzyme Assay

The specific activities of PpPAAT1s for y-decalactone formation were assayed
using 4-hydroxydecanoyl-CoA (Accela ChemBio) as a substrate. Preliminary
assays were conducted to determine the optimum pH and temperature for the
enzyme activity. In vitro PpAAT1 enzyme assays were conducted in a total
reaction volume of 1 mL with 50 mm Tris-HCl (pH 8.2), 5.1 ug of protein, and
10 mm hydroxydecanoyl-CoA. Reactions were conducted at 31°C for 40 min
under agitation, after which the product was collected and analyzed by GC-MS
as described by Zhang et al. (2017b). All the assays were performed in sextu-
plicate. Control assays using boiled (nonfunctional) protein were also per-
formed. To characterize the esterification activity of the PpAAT1s, propanol,
hexanol, benzyl alcohol, decanol, and acetyl-CoA (Sigma-Aldrich) were used as
substrates to produce esters found in fruits. Reactions were conducted as de-
scribed by Goulet et al. (2015). Origin 2019 (www.originlab.com) software was
used to calculate the K, and K, values.

Transient Expression in Nicotiana benthamiana

The PpAAT1 cDNA clone was transferred into the pMDC32-HPB (Addgene
no. 32078) plasmid vector using the Gateway LR Clonase II Enzyme mix
(Thermo Fisher Scientific) and transformed into Agrobacterium tumefaciens
LBA4404 Electro-Cells (Takara) according to the manufacturer’s instructions.
The tomato bushy stunt virus P19 suppressor gene (Qu and Morris, 2002) was
prepared for coinfiltration to prevent posttranscriptional gene silencing by
small interfering RNAs. A. tumefaciens strain LBA4404 infiltration (agro-
infiltration) was performed as described by Souleyre et al. (2005) with minor
modifications. Briefly, leaves from 4-week-old N. benthamiana plants were
agroinfiltrated with the A. tumefaciens strain harboring the PpAATI vector in
combination with the strain harboring the P19 vector at a ratio of 2:1, respec-
tively. For negative controls, strains for the expression of PpAATI were replaced
with a GFP-expressing strain. After 7 d, leaves were infiltrated again with both
vectors together with 4-hydroxydecanoyl-CoA (10 mm). After 10 h, the infil-
trated leaves were harvested for GC-MS analysis to quantify y-decalactone
produced, as described earlier. Leaves expressing GFP were also viewed un-
der UV light to confirm successful agroinfiltration and gene expression.

Heterologous Expression in Oleaginous Yeast

The oleaginous yeast (Yarrowia lipolytica) mutant Polg strain (Leu~, AAEP,
AAXP, Suc* pBR platform) and the pINA1296 expression vector, which were
kindly provided by Catherine Madzak, were used for heterologous expression
of PpAATI. The construction steps were performed as follows. First, five vari-
ants of PpAATI were isolated and were each flanked with the Sfil/Kpnl
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(Supplemental Table S8) restriction sites. Then, the Sfil and Kpnl restriction
enzymes (New England Biolabs) were used to digest both the PCR fragments
and the pINA1296 plasmid. Next, the modified PCR fragments and the linear
plasmid were mixed with T4 DNA ligase (New England Biolabs). Then, the
constructs were amplified in E. coli DH5« Electro-Cells (Takara) and extracted
with a TIANprep Mini Plasmid Kit (Tiangen). The cloning plasmids were
digested with NotI restriction enzyme (New England Biolabs) according to the
procedure of Blazeck et al. (2014).

Transformants were selected in Leu-deficient medium containing yeast
nitrogen base. Then, Polg strain transformants were grown in yeast peptone
dextrose medium at 28°C overnight. In order to prevent the oleaginous yeast
from consuming the y-decalactone produced, we use the method to produce
y-decalactone as described by Braga and Belo (2013). The y-decalactone was
extracted and detected as described by Braga and Belo (2013), and each con-
struct was tested using eight Polg transformants.

Mutagenesis of PpAAT1 in Peach Fruit

The fhPpAAT1 gene was selected as the target for the CRISPR/Cas9 system.
The potential Cas9 target sites in fiPpAAT1 were identified using CRISPRdirect
(http:/ /crispr.dbcls.jp/). Four of the output target sites for the sgRNA se-
quences (Supplemental Table S9), including one in region I, one in region II, and
two in region III, were selected based on their locations in the gene and off-
target likelihoods. The four gRNA cassettes, driven by LacZ-AtU3b, AtU3d,
AtU6-1, and AtU6-29, respectively, were combined with a Gibson Assembly
Cloning Kit (New England Biolabs) to form a multiplex genome-targeting
vector system. Then, this multiplex targeting vector was inserted into the
PYLCRISPR/Cas9Pubi-B plasmid. Finally, a CRISPR/Cas9 construct harbor-
ing the four sgRNA cassettes was generated (Supplemental Fig. S2). All of the
sgRNA and binary CRISPR/Cas9 vectors were kindly provided by Yao-
Guang Liu.

CRISPR/Cas9 constructs harboring either the four sgRNA cassettes or the
empty vector were transferred into A. tumefaciens LBA4404 Electro-Cells
(Takara). The transformation of A. tumefaciens was performed according to
the manufacturer’s instructions. A. tumefaciens cells containing the construct
were grown overnight to an ODg of 0.6 and then resuspended at a final ODgg
of 0.8 in liquid MS medium containing 2% (w/v) Suc. Two hundred healthy
‘Fenghuayulu’ peach fruits were randomly selected and injected with the
A. tumefaciens construct, and another 200 healthy fruits were injected with
A. tumefaciens containing the empty vector during their early development
stages before y-decalactone was present. The A. tumefaciens culture suspended
in infiltration buffer was infiltrated into the whole fruit using a syringe. The
fruits were then left on the trees to grow. All peach fruits were harvested at
the best harvesting time and were matched to ensure similar ripeness based on
the Inp (Zhang et al., 2017a). When the transgenic fruits had reached the best
harvesting time, the y-decalactone content was measured as described above
(three different parts of each fruit were selected for analysis). The genomic DNA
was extracted from the transgenic fruits with a TaKaRa MiniBEST Plant Ge-
nomic DNA kit (Takara) so that the fiPpAATI mutant gene in the transgenic
peach fruits could be analyzed. The target DNA fragments were amplified by
PCR, and the PCR products were sequenced by Tsingke.

Overexpression Assays in Non-y-Decalactone Fruits

The full-length CDS of fhPpAAT1 (a type II PpAATI) was amplified using
cDNA from cv Fenghuayulu fruit as described earlier. After sequencing con-
firmed the correct sequence, this CDS was ligated into the pMDC32-HPB vector
as described earlier.

The overexpression vector and empty vector were transferred into
A. tumefaciens LBA4404 Electro-Cells. The growing conditions for A. tumefaciens
containing the overexpression vector were the same as above, and an
A. tumefaciens suspension with an ODg of 0.8 was injected into “Achutao’ fruits
at 116 DAFB. The A. tumefaciens culture with an ODggg of 0.8 suspended in
infiltration buffer (1:1) was infiltrated into the whole fruit using a syringe. When
the transgenic fruits reached the best harvesting time (evaluated by IAp), the
y-decalactone content was measured. TagMan MGB assays were also con-
ducted to quantify fiPpAATI expression in ‘Achutao’ fruits. Primers (forward,
5'-GGCGAAGCCAACGCCTAT-3'; reverse, 5'-GGCCGTCCTGGTCGTCTAT-
3') and a probe that was specific for iPpAATI (5'-FAM-AAACCAAG-
CAGCTGTC-MGB-3'; the specific site for fiPpAATI is underlined) were
designed using Primer Express 3.0 software (Applied Biosystems). The TagMan
MGB RT-qPCR was performed using a One Step PrimeScript RT-PCR Kit
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(Takara), and the protocol followed the manufacturer’s instructions with minor
exceptions, which were that each reaction (20 uL) contained 100 ng of RNA,
0.2 uM primers, and 0.3 um probes. The thermal cycling conditions followed
the manufacturer’s instructions.

Statistical Analyses

Pearson correlation coefficients between metabolites were calculated using
the programming language R. Significant differences were statistically analyzed
by IBM SPSS Statistics 23. The comparison analysis was estimated by Fisher’s Lsp
test (P = 0.05). Origin 2019 (www.originlab.com) software was used to calculate
the K, and K, values. Histograms were prepared with Origin 2019.

Accession Numbers

RNA-seq raw sequence data generated from this study can be found in the
National Center for Biotechnology Information Short Read Archive database
under the accession number SRP156184. The sequences of filPpAAT1 and acP-
pAATI can be found in the National Center for Biotechnology Information
database under the following numbers (MH700174 and MH700175).
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The following supplemental materials are available.

Supplemental Figure S1. Phylogenetic analysis of PpAATI1 and other
plant AATs.

Supplemental Figure S2. Schematic of target site selection in the fiPpAAT1
gene and the construction of the Cas9/sgRNA expression vector.

Supplemental Table S1. Metabolic compounds detected by UPLC-MS.
Supplemental Table S2. Metabolic compounds detected by GC-MS.
Supplemental Table S3. Pearson correlation coefficient among metabolites.
Supplemental Table S4. KEGG pathway analysis of the selected compounds.

Supplemental Table S5. DEGs used for RT-qPCR and the validation re-
sults with RNA-seq data.

Supplemental Table S6. KEGG pathway analysis of the selected unigenes.

Supplemental Table S7. Pearson correlation analysis between candidate
genes and intermediates.

Supplemental Table S8. Primer pairs for CDS amplification and heterol-
ogous expression in oleaginous yeast.

Supplemental Table S9. Primers used for CRISPR/Cas9.
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