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Abstract
Background: The avocado (Persea americana) mesocarp and seed contain high-value oil with broad
industrial applications. The oil contents in these two tissues vary considerably at maturity. Additionally,
the molecular mechanism underlying the tissue-speci�c oil accumulation in the developing avocado
mesocarp and seed remains unclear, which has hampered the exploration of the utility of avocado for oil
production.

Results: To clarify the mechanisms mediating the differences in oil contents and fatty acid compositions,
the transcriptomes and oil bodies were compared between the oil-storing tissues during the fruit
developmental period. The results revealed the increasing and �uctuating trends in the oil accumulation
in the developing avocado mesocarp and seed, respectively. Additionally, striking differences in the lipid
droplets between the mature mesocarp and seed were revealed in confocal microscopy images.
Subsequently, the gene transcription pro�les of the developing mesocarp and seed were characterized via
a comprehensive transcriptome analysis involving second-generation sequencing and single-molecule
real-time sequencing techniques. The tissue-speci�c transcription of lipid-related genes contributing to
fatty acid synthesis, triacylglycerol assembly, and triacylglycerol storage was examined, with most of the
lipid-related genes expressed at higher levels in the developing mesocarp than in the developing seed. A
weighted gene co-expression network analysis uncovered 291 transcription factors that were commonly
or uniquely correlated with the oil contents in the avocado mesocarp and seed. Moreover, 11 trans-acting
and 79 cis-acting long non-coding RNAs were identi�ed as common or unique to the developing avocado
mesocarp and seed. These long non-coding RNAs may regulate the expression of 43 lipid-related genes.
Finally, a network of genes associated with oil accumulation in the developing avocado mesocarp and
seed was established.

Conclusions: The results of this study further elucidate the tissue-speci�c oil biosynthesis and related
regulatory network in the avocado mesocarp and seed. Furthermore, tissue-speci�c lipid-related genes,
putative transcription factors, and putativelong non-coding RNAs affecting oil accumulation were
identi�ed. Our data may also be useful for characterizing tissue-speci�c oil accumulation at the
transcriptomic level, thereby identifying candidate genes for improving the oil production of related plant
species.

Background
Vegetable oils have traditionally been used primarily in the food industry, but they are increasingly being
used for other applications, including those related to pharmaceuticals and cosmetics [1]. There has
recently been growing interest in the utility of vegetable oils as phytochemical alternatives to the
synthetic substances commonly used in foods, pharmaceuticals, and cosmetics. This effort is supported
by consumer concerns over the safety of products containing synthetic chemicals, which are believed to
cause or increase the severity of health problems and pollute the environment [2, 3]. Avocado (Persea
americana Mill.) is native to Meso-America, and is considered to be an important and economically
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valuable tropical and subtropical woody oil-bearing crop [4]. Regarding oil content, avocado fruit is
exceeded only by the fruits of palm and olive trees [5]. The relatively high proportion of unsaturated fatty
acids in avocado fruit oil [6, 7] is associated with superior skin permeability and sunscreen performance,
leading to the use of avocado oil in the cosmetics industry worldwide as a natural ingredient replacing
arti�cially synthesized chemicals [8, 9]. Furthermore, the oil extracted from avocado seeds may be used in
the biofuel industry as an alternative biodiesel source instead of the conventional petroleum-based diesel
fuel [5, 10].

The lipid biosynthesis process in oil-rich plant tissues mainly involves the following two stages: fatty acid
(FA) biosynthesis in plastids and triacylglycerol (TAG) assembly in the endoplasmic reticulum (ER) [11,
12]. The lipid biosynthesis pathway has been relatively well elucidated, and the associated genes and
enzymes have been identi�ed and in many cases, functionally validated. However, the characterized
molecular mechanism is mostly limited to oil-producing seeds rather than other oil-producing tissues [2,
13–15]. In nature, there are diverse plant species that accumulate oil in non-seed tissues, such as the
mesocarp layer of oil palm, olive, avocado, and Chinese tallow (Triadica sebifera) [16–18], the outer
surface layer of bayberry fruit (Myrica rubra) [19], the stolon tuber of yellow nutsedge (Cyperus
esculentus) [20], the stem tissue of oil �rewood (Tetraena mongolica) [21], and the caruncle of castor
bean [3]. A few recent investigations examining the oil palm mesocarp, olive mesocarp, castor caruncle,
and nutsedge tuber tissues revealed key differences in the transcriptional control of lipid biosynthesis
between nonseed and seed tissues [3, 18, 20, 22]. Avocado, like oil palm and olive, is one of the few plant
species in which the mesocarp, a nonseed tissue, and the seed accumulate substantial amounts of oil [7].
Thus, avocado may be a model plant species for studying the differences in the tissue-speci�c molecular
mechanisms underlying the synthesis of oil in the mesocarp and seed. However, the differences in the
expression patterns of genes associated with oil accumulation between the developing avocado
mesocarp and seed are relatively unknown.

The fact that most genes governing FA biosynthesis share the same temporal transcription pattern
strongly suggests that they are coregulated and probably share common cis- and trans-regulatory
elements [23]. Previous studies con�rmed that WRINKLED1 (WRI1) is essential for the transcriptional
regulation of FA biosynthesis because it controls the expression of key genes in the fatty acid
biosynthetic pathways in oil-rich seed and non-seed tissues [7, 11, 18, 24–28]. Additionally, LEAFY
COTYLEDON 1 (LEC1), LEAFY COTYLEDON 2 (LEC2), FUSCA 3 (FUS3), and ABSCISIC ACID INSENSITIVE
3 (ABI3) are transcriptional master regulators that mediate storage oil biosynthesis in seed oil-producing
crops, with LEC1 and LEC2 directly regulating WRI1 expression in Arabidopsis thaliana (Arabidopsis) [18,
29, 30]. However, a set of new transcription factors, EgNF-YA3, EgNF-YC2, and EgABI5, reportedly
modulate the transcription of oil biosynthetic pathway genes in the oil palm mesocarp [18]. Avocado
accumulates considerably more oil in its mesocarp than in its seed [31], suggesting the existence of a
tissue-speci�c fatty acid metabolism transcriptional network.

Transcriptomes generated by second-generation sequencing (SGS) technology platforms have broadly
been applied to illuminate or reconstruct several important biochemical pathways [32–35]. However, the
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short transcript sequences generated by SGS techniques decrease the accuracy of sequence assembly
and hinder sequence analyses of genes and enzymes involved in downstream metabolic pathways [36,
37]. Single-molecule real-time (SMRT) technology, which is a third-generation sequencing technology [38]
that can produce much longer reads than SGS platforms, has been applied to effectively capture full-
length transcript sequences [39]. Combining Illumina and SMRT technologies has recently been
con�rmed as an effective strategy for sequencing and analyzing the transcriptomes of several crops to
clarify the transcriptomic complexity or the genes contributing to important biochemical pathways [40–
44]. Moreover, integrated analyses of the de novo assembly involving short-read and full-length
transcriptome sequences and metabolomics data may enable the identi�cation of the genes underlying a
particular phenotypic trait and provide researchers with information regarding gene-to-metabolite
networks for species of interest [2, 28, 45].

Long non-coding RNAs (lncRNAs) are potentially important gene regulators in eukaryotic cells, especially
in some key biological processes [46]. There remains some ambiguity surrounding their numbers and
characteristics in genomes [47]. Predicting and functionally annotating lncRNAs is generally challenging,
but useful, because they are not orthologous and there is a lack of homologous sequences between
closely related species [48]. However, the functions of very few lncRNAs have been elucidated [49, 50].
Hence, the lncRNA information for one species is not necessarily suitable for predicting lncRNAs in other
species. To date, the functions of lncRNAs in avocado mesocarp and seed developmental processes,
especially in terms of oil accumulation, have been largely unexplored.

In this study, we �rst applied Illumina HiSeq and PacBio sequencing technologies to analyze the lipid
biosynthesis in the avocado mesocarp and seed. A comparison of the transcriptomes, FA pro�les, and
lipid droplet histological characteristics of the two oil-storing tissues during the fruit developmental
period provided insights into the tissue-speci�c molecular mechanisms controlling the variations in oil
content and composition. Second, we conducted a weighted gene co-expression network analysis
(WGCNA) to identify key transcription factors (TFs) associated with oil contents based on the
transcriptional data for the developing avocado mesocarp and seed. Third, lncRNAs in the two oil-storing
tissues were identi�ed by examining genome-guided PacBio sequences, after which lncRNAs associated
with genes in the lipid biosynthetic pathways were compared between the two oil-storing tissues. The
results of this study provide insights into tissue-speci�c oil biosynthetic networks in the two oil-storing
avocado tissues, and may broaden our understanding of the synthesis of oils in plants.

Results

Oil accumulation in the developing avocado mesocarp and
seed
Avocado fruit is rich in oil, which is mainly stored in the mesocarp and seed. The fruit developmental
period has been divided into �ve stages based on the days after full bloom (DAFB) [51], with the fruit
considered to be physiologically mature at 215 DAFB. The oil content in the mesocarp continued to



Page 5/32

accumulate throughout the fruit developmental period (Fig. 1a). From 75 to 110 DAFB, the mesocarp oil
content more than quadrupled from 0.64 to 2.52 g/100 g fresh weight (FW), after which it accumulated
slowly from 110 to 180 DAFB. Finally, the mesocarp oil content increased by almost 3-fold from 180 to
215 DAFB, peaking at 15.20 g/100 g FW at 215 DAFB. In contrast, the seed oil content was much lower
than the mesocarp oil content at each of the �ve fruit developmental stages, and it �uctuated slightly
throughout the analyzed period (Fig. 1a).

The fatty acid composition also varied between the mesocarp and seed during the fruit developmental
period (Fig. 1b; Additional �le 1: Table S1). Among the major fatty acids, palmitic (C16:0) or linoleic acid
(C18:2) were the most abundant in different mesocarp developmental stages, whereas C18:2 was
consistently the predominant fatty acid in the seed (Fig. 1b). The C16:0 and C18:2 compositions in the
mesocarp changed substantially during the mid-to-late developmental stages, with a steady increase in
the palmitoleic acid (C16:1) level and a decrease in the linolenic acid (C18:3) level (Fig. 1b). In the seed,
there were almost no variations in the composition during the developmental period, and unlike the
mesocarp, the seed contained a higher proportion of C18:2 and a lower proportion of C16:1, C18:0, and
C18:3 (Fig. 1b). The striking difference in the fatty acid pro�les between the mesocarp and seed might
suggest the existence of tissue-speci�c fatty acid metabolism transcriptional networks. The complete ion
chromatograms of fatty acid methyl esters of the avocado mesocarp and seed at 215 DAFB are provided
in Additional �le 2: Figure S1.

Histological analyses of lipid droplets in the mature
avocado mesocarp and seed
The lipid droplets in the mature avocado mesocarp and seed at 215 DAFB underwent a histological
analysis. A mass of large lipid droplets (approximately 10–25 µm in diameter; Fig. 2a) formed in the
mature mesocarp, occupying most of the cell volume when the total lipid content peaked at 215 DAFB
(Fig. 1a). In contrast, a few small lipid droplets (approximately 2 µm in diameter; Fig. 2b) were detected at
the edge of the cell wall in the avocado seed.

Transcriptomic analysis via SMRT sequencing and de novo
transcript assembly based on short reads in the two
analyzed oil-producing tissues
To comprehensively characterize the gene expression dynamics, the transcriptomes of the developing
avocado mesocarp and seed were analyzed based on the avocado genome sequence [4]. The analysis
included 30 de novo transcript assemblies from paired-end Illumina RNA-seq reads and full-length
transcripts for the two tissues derived from PacBio SMRT sequencing. After �ltering for quality,
1,428 million clean paired-end reads were generated, with an average of 84.36% reads mapped to the
avocado reference genome (Additional �le 3: Table S2). The SMRT sequencing resulted in 512,163 and
421,641 circular consensus reads for the avocado mesocarp and seed, with a mean length of 2,088 and
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2015 bp, respectively. These reads included 448,992 and 364,137 full-length non-chimeric (FLNC) reads
for the avocado mesocarp and seed, respectively. Additionally, 130,999 and 100,927 consensus isoforms
were acquired for the avocado mesocarp and seed, with a mean length of 2,016, and 1,954 bp,
respectively, based on the clustering of FLNC sequences. After polishing consensus sequences, 125,335
and 92,951 high-quality consensus sequences were obtained for the avocado mesocarp and seed,
respectively.

Because the sequencing depth and accuracy are greater for the Illumina platform than for the SMRT
platform, the Illumina RNA-seq reads were used to improve the full-length transcript quality and to
determine the gene expression levels at the �ve fruit developmental stages. After eliminating
redundancies with CD-HIT, 60,374 and 47,907 nonredundant transcripts were retained. The SMRT
sequencing raw data are available in the GenBank database (avocado mesocarp: accession number
PRJNA551932; avocado seed: accession number PRJNA559779). The Illumina RNA-Seq raw data are
also available in the GenBank database (accession number PRJNA541745).

Tissue-speci�c transcription of lipid-related genes involved
in FA synthesis and TAG assembly
Thirty-two unigenes affecting plastid FA biosynthesis and 24 unigenes in�uencing TAG assembly in the
ER were identi�ed (Additional �le 4: Table S3). Most of the known lipid-related enzymes were detectable
in the avocado mesocarp and seed. A hierarchical cluster analysis was performed based on the
normalized fragments per kilobase of transcript per million mapped reads (FPKM) values of the
transcripts in the mesocarp and seed at �ve fruit developmental stages. The results indicated that all
differentially expressed lipid-related genes contributing to FA synthesis and TAG assembly in the avocado
mesocarp and seed belonged to two clusters (Fig. 3). Regarding the avocado mesocarp, Cluster I
comprised 40 unigenes whose expression levels tended to slowly increase (Fig. 3a). These included 27
and 13 unigenes related to the FA biosynthesis pathway and TAG assembly, respectively. Cluster II
consisted of 5 and 11 unigenes involved in the FA biosynthesis pathway and TAG assembly, respectively,
and expression levels tended to slowly decrease (Fig. 3a). In terms of the avocado seed, Cluster I included
12 and 6 unigenes related to TAG assembly and FA synthesis, respectively, with expression levels that
increased slightly (Fig. 3b). Cluster II comprised 26 and 12 unigenes affecting FA synthesis and TAG
assembly, respectively, with decreasing expression levels (Fig. 3b).

Most of the lipid-related genes contributing to FA synthesis and TAG assembly were more highly
transcribed in the mesocarp than in the seed at more than four fruit developmental stages (Fig. 4;
Additional �le 4: Table S3). We observed that 32 unigenes related to FA synthesis were expressed in both
the avocado mesocarp and seed, with average transcript levels of 173.31 and 64.23 FPKM/stage,
respectively. whereas 24 unigenes affecting TAG assembly were expressed in the mesocarp and seed,
with average transcript levels of 38.05 and 16.05 FPKM/stage, respectively. However, 14 unigenes were
more highly transcribed in the developing seed than in the developing mesocarp, although the average
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transcript levels of most of these 14 unigenes were less than 30 FPKM/stage (Fig. 4; Additional �le 4:
Table S3).

Transcriptional divergence of TAG storage genes between
two oil-storing avocado tissues
One oil-body oleosin (OBO), one steroleosin (STERO), and two caleosin (CALO) unigenes were expressed
in the avocado mesocarp and seed (Fig. 4). These four unigenes were more highly transcribed in the seed
than in the developing mesocarp. Speci�cally, OBO expression was almost undetectable in the developing
mesocarp, whereas two CALO paralogs had average transcript levels exceeding 120 FPKM/stage in the
developing mesocarp (Additional �le 5 Table S4). Additionally, two lipid droplet-associated protein 2
(LDAP2) paralogs were abundantly expressed in the developing mesocarp and seed, with LDAP2-1 more
highly transcribed than the other three types of lipid droplet-associated genes in the developing mesocarp
(Fig. 4; Additional �le 5: Table S4).

Tissue-speci�c transcriptional regulation of transcription
factors
Of the 8,113 putative TFs differentially expressed in the developing mesocarp and seed, 350 and 464 TFs
were unique to the mesocarp and seed, respectively (Additional �le 6: Figure S2). Moreover, these 8,113
putative TFs were distributed in 213 families, but mainly in the bHLH (268), RLK-Pelle_DLSV (237), C3H
(235), C3H (203), and NAC (203) families (Additional �le 7: Table S5).

To determine which TFs play pivotal roles in seed oil accumulation in the developing avocado mesocarp
and seed, we conducted a WGCNA examining differentially expressed TFs and the oil contents of the
developing avocado mesocarp and seed. A total of 291 TFs were commonly or uniquely signi�cantly
correlated with the oil contents in the avocado mesocarp and seed (Fig. 5a–c). These TFs belong to 69
families each in the mesocarp and seed, with the most abundant TFs identi�ed as AP2/ERF-ERF (9),
WRKY (7), and bHLH (6) in the mesocarp as well as bHLH (7) and MYB (6) in the seed (Additional �le 8:
Table S6). Additionally, some well-known TF genes that regulate lipid biosynthesis were also identi�ed by
the co-expression analysis, including PaWRI1 in the mesocarp and PaABI3 in the seed (Fig. 5a, b;
Additional �le 8: Table S6). The results of the gene ontology (GO) enrichment analysis indicated that the
TFs correlated with the oil content were associated with transcription factor activity, sequence-speci�c
DNA binding, and protein serine/threonine kinase activity in the mesocarp (Fig. 5d) as well as protein
serine/threonine kinase activity and regulation of transcription (DNA-templated) in the seed (Fig. 5f).
Furthermore, plant hormone signal transduction pathways in the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database were enriched among the lipid-related TFs in the avocado mesocarp and seed
(Fig. 5e, g). Some hub TFs were identi�ed in the gene co-expression networks for the mesocarp and seed
(Fig. 5a, b; Additional �le 8: Table S6). These hub TFs were most highly co-expressed with other TFs
associated with lipids, implying they may contribute to oil biosynthesis.
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Variations in lncRNAs between two oil-rich avocado tissues
Of the 5,299 lncRNAs differentially expressed between the developing avocado mesocarp and seed, 198
and 271 were unique to the mesocarp and seed, respectively (Additional �le 9: Table S7; Additional �le 10:
Figure S3a). Additionally, on the basis of lncRNA–mRNA pairs 1,608 trans-acting lncRNAs were identi�ed,
of which 120 and 232 were unique to the developing avocado mesocarp and seed, respectively
(Additional �le 10: Figure S3b). Moreover, 4,657 cis-acting lncRNAs were revealed, including 174 and 215
lncRNAs that were unique to the developing mesocarp and seed, respectively (Additional �le 10: Figure
S3c). Finally, the results suggested that 11 trans-acting lncRNAs and 79 cis-acting lncRNAs help regulate
the expression levels of 43 lipid-related genes involved in FA synthesis, TAG assembly, and TAG storage in
the developing avocado mesocarp and seed (Additional �le 11: Table S8).

Validation of candidate differentially expressed genes
involved in lipid metabolism
The relative expression levels and temporal transcription patterns were calculated for the key genes
identi�ed based on the oil-related transcriptome sequencing data. Speci�cally, 10 genes, including six
lipid-related genes, two TF genes, and two lncRNA genes, were analyzed. The 2−ΔΔCt values of the
selected genes were generally consistent with the RNA sequencing results (Additional �le 12: Figure S3).
Therefore, the quantitative real-time (qRT)-PCR data con�rmed the validity of the transcriptomic data.

Discussion
In this study, the total lipid accumulation patterns in the avocado mesocarp and seed tended to increase
and �uctuate slightly, respectively, during the fruit developmental period (Fig. 1a). These �ndings were
consistent with the results of previous avocado studies [6, 7]. However, in contrast to these earlier
investigations, several studies involving oil palm have con�rmed that the total lipid contents in three oil-
storing tissues (mesocarp, embryo, and endosperm) exhibit similar increasing trends in developing fruits
[11, 12, 25]. Our histological results suggest that the total lipid content in avocado is generally directly
proportional to the volume of the lipid droplets in the mesocarp and seed (Fig. 2). Several previous
studies proved that the lipid droplets of the oil palm mesocarp and endosperm are relatively large
(approximately 5–20 µm in diameter) and occupy most of the cellular volume at harvest, whereas those
of the oil palm embryo are smaller (approximately 2 µm in diameter) and are located at the cell periphery
at harvest [11, 12, 25]. Similarly, the total lipid contents of three oil-rich tissues of oil palm are consistent
with lipid droplet volumes [11, 12, 25].

In this study, the average expression levels of 32 unigenes associated with FA synthesis were 4.56- and
4.00-fold higher than those of 24 unigenes contributing to TAG assembly in the developing mesocarp and
seed, respectively (Additional �le 4 Table S3). These results suggest that the genes related to FA
synthesis may be more important than those related to TAG biosynthesis for the substantial
accumulation of oil in avocado fruit tissues. Similar results were reported in previous studies that
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examined oil-rich tissues (e.g., mesocarp, seed, and tuber) in diverse oil-bearing crops [2, 7, 11, 20, 52]. Our
data further con�rm that the temporal transcriptional pattern of lipid-related genes is conserved in various
oil-rich tissues of oil-bearing crops.

The conversion of pyruvate to fatty acids in plastids involves at least 13 enzymes and/or protein
complexes (Fig. 4). Regarding the four subunits of the pyruvate dehydrogenase complex, each one is
encoded by one unigene, of which PaPDH-E1α represented an average of 40% of the transcripts of these
four unigenes in the developing mesocarp (Additional �le 4: Table S3). This was similar to the �ndings of
an earlier avocado mesocarp study [7]. In contrast, an average of 43% of the transcripts of these four
unigenes corresponded to PDH-E1β in the developing seed (Additional �le 4: Table S3). However, PDH-
E1β is the predominant transcript in three oil-rich tissues of oil palm [25]. Two unigenes encoding three
subunits of acetyl-CoA carboxylase were expressed in the avocado mesocarp and seed (Fig. 4), with
PaACC-BC expression undetectable in the avocado mesocarp [7]. A comparison of the expression of
these six acetyl-CoA carboxylase unigenes revealed that the average PaACC-BC-2 transcript levels, which
were 259.92 and 55.74 FPKM/stage in the developing avocado mesocarp and seed, respectively, were
greater than the transcript levels of the other �ve unigenes (Additional �le 4: Table S3). In contrast to
avocado, ACC-Ctβ is more highly transcribed in oil palm than three other unigenes in the mesocarp,
embryo, and endosperm [25]. However, in oilseed crops, BCCP2 is predominantly expressed in Ricinus
communis, Brassica napus, and Tropaeolum majus seeds [52].

Stearoyl-acyl carrier protein desaturase (SAD) is a precursor for the biosynthesis of polyunsaturated fatty
acids and catalyzes the conversion of stearoyl-acyl carrier protein (ACP) to oleoyl-ACP [53]. Seven
homologous AtSAD genes were identi�ed in the Arabidopsis genome (AtFAB2, AtDES1, AtDES2, AtDES3,
AtDES4, AtDES5, and AtDES6) [54]. In the current study, two homologous PaSAD unigenes, PaFAB2 and
PaDES6, were expressed in the developing avocado mesocarp and seed, with PaFAB2 more abundantly
transcribed (Fig. 4). The orthologs of FAB2 have often been detected in some oleic acid-rich tissues from
nonseed and seed oil crops, in which they are generally more highly expressed than other SAD homologs,
implying FAB2 is important for oleic acid synthesis [7, 20, 25, 53]. In contrast to PaFAB2, PaDES6 was
mainly transcribed in the developing seed rather than in the developing mesocarp (Fig. 4). Similar studies
revealed that SAD homologs usually exhibit tissue-speci�c expression patterns in oil palm and olive [25,
55]. The EgFAB2 paralogs are expressed in three oil-storing tissues (mesocarp, embryo, and endosperm),
whereas EgDES5 is only transcribed in the embryo and endosperm [25]. Seven OeuSAD homologs in the
wild olive genome are also differentially expressed among four tissues [55].

The PaSAD and PaACP4 transcript levels were greater than the transcript levels of the other unigenes
contributing to the FA synthesis in the plastids of the developing avocado mesocarp and seed, and were
generally consistent with the observed oil accumulation, indicative of the key roles for these genes related
to avocado oil composition (Fig. 1a, Fig. 4). Similar results were obtained for various oil-storing tissues of
other crops [2, 7, 20].
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Acyl-ACP thioesterase catalyzes the hydrolysis of the acyl-ACP intermediates during the �nal step of FA
biosynthesis to release free FA [56]. This enzyme has been divided into two families according to
distinguishing substrate speci�cities, namely FatA and FatB, which determine, to some extent, the FA
composition of storage lipids in plants [57]. Speci�cally, FatA exhibits high substrate speci�city toward
monounsaturated oleoyl-ACP, whereas FatB subfamily members exhibit speci�city for palmitoyl- and
stearoyl-ACPs [58]. In this study, we detected transcripts for one PaFatA and two PaFatB paralogs in the
transcriptomes of the developing mesocarp and seed (Fig. 4); however, all PaFatA and PaFatB genes
were expressed in the avocado mesocarp in an earlier investigation [7]. The PaFatA expression level was
more than 4-fold (75 DAFB) and 45-fold (215 DAFB) higher in the developing mesocarp than in the
developing seed (Additional �le 4: Table S3). Similarly, C18:1 contents were more than 6- to 40-times
greater in the developing mesocarp than in the developing seed from 110 to 215 DAFB (Additional �le 1:
Table S1). These results suggest that PaFatA expression is generally positively correlated with C18:1
contents, which is consistent with the results of previous studies [25, 58]. In contrast, the expression
levels of two PaFatB paralogs were unrelated to the C16:0 and C18:0 contents in the avocado mesocarp
and seed in the present study. The two PaFatB paralogs were more highly expressed in the avocado seed
than in the mesocarp during most of the �ve fruit developmental stages, whereas C16:0 and C18:0 were
less abundant in the developing avocado seed than in the developing mesocarp throughout the examined
period (Fig. 4; Additional �le 1: Table S1). This observation may be explained by the lower substrate
speci�city of FatB than of FatA [59]. Additionally, the enzymes encoded by two PaFatB paralogs were
unable to e�ciently hydrolyze 16:0-ACP and 18:0-ACP in the avocado mesocarp and seed, but may have
complementary roles that enhance the PaFatA-mediated hydrolysis of 18:1-ACP. The EgFatB in the oil
palm embryo and endosperm catalyzes the hydrolysis of 18:1-ACP very e�ciently because of a lack of
EgFatA [25].

Long-chain acyl-CoA synthetase (LACS) is an enzyme that exports newly synthesized free FAs in the
plastid to the ER and converts them to acyl-coenzyme A (acyl-CoA) [60]. In Arabidopsis, LACS is encoded
by a small gene family consisting of nine members [61]. In the current study, four homologous LACS
genes were expressed in the avocado mesocarp and seed (PaLACS1, PaLACS4, PaLACS8, and PaLACS9)
(Fig. 4). Both PaLACS8 and PaLACS9 were relatively abundantly transcribed in the developing avocado
mesocarp, with average transcript levels of 119.99 and 87.47 FPKM/stage, respectively, whereas
PaLACS4 might mainly contribute to the acyl activation in the avocado seed, with an average transcript
level of 105.22 FPKM/stage (Additional �le 4: Table S3). Accordingly, ER-associated LACS (PaLACS8)
and plastidial LACS (PaLACS9) appear to codetermine the acyl activation from the plastid to the ER in the
avocado mesocarp, but ER-associated PaLACS4 is important for the export of FAs between the plastid
and ER in the avocado seed. However, a study by Kilaru et al. [7] indicated that LACS9 is most abundantly
expressed in the avocado mesocarp. Regarding oil palm, EgLACS9 and two EgLACS4 paralogs are
expressed in the oil palm mesocarp, embryo, and endosperm, but the expression of the LACS8 ortholog is
undetectable in the oil palm [25]. These three LACS unigenes are expressed in the developing oil palm
embryo and endosperm, but EgLACS9 and an EgLACS4 paralog are reportedly also expressed in the
developing oil palm mesocarp [25]. Another study determined that CeLACS4 and CeLACS8 account for
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approximately 70% of the transcripts of seven LACS unigenes in the oil-rich tuber tissue of C. esculentus
[20]. In oilseed crops and Arabidopsis, LACS9 orthologs are the most abundantly expressed unigenes in
the seed [52, 62]. Mutational studies in Arabidopsis suggested the enzymes encoded by LACS4 and
LACS9 exhibit overlapping functions [62]. Both LACS8 and LACS9 may be similarly associated with
plastidial fatty acid export in sun�ower seeds [58].

The TAG assembly in the ER requires a series of acylations of glycerol-3-phosphate with acyl-CoA and a
subsequent dephosphorylation. In this study, we uncovered at least 12 enzymes involved in TAG
assembly. For example, GPAT catalyzes the acylation of glycerol-3-phosphate to yield lysophosphatidic
acid during the �rst step of membrane and storage glycerolipid assembly [63]. To date, nine GPAT gene
family members have been identi�ed in Arabidopsis. Three GPAT unigenes (one GPAT1 and two GPAT9
paralogs) were expressed in the avocado seed, whereas only two GPAT9 paralogs were transcribed in the
avocado mesocarp (Fig. 4; Additional �le 4: Table S3). Kilaru et al. [7] also suggested that only GPAT9 is
expressed in the avocado mesocarp. Similarly, GPAT9 is reportedly more highly transcribed than the other
family members, with GPAT1–8 either unexpressed or expressed at low levels in diverse oil crops [2, 20,
25, 52]. Unlike in other oil crops, the GPAT1 expression level was high in the developing avocado seed,
and higher than the expression levels of two GPAT9 paralogs at 215 DAFB (Additional �le 4: Table S3).

Among the various unigenes encoding 1-acylglycerol-3-phosphate acyltransferase (LPAAT), LPAAT2 was
more highly expressed than LPAAT1 and two LPAAT5 paralogs in the avocado mesocarp and seed
(Fig. 4). Similarly, LPAAT2 was identi�ed as the predominantly expressed gene in the avocado mesocarp
in a previous study [7]. The LPAAT2 expression levels were similar between the avocado mesocarp and
seed; however, LPAAT1 and two LPAAT5 paralogs were transcribed at higher levels in the developing
mesocarp than in the developing seed (Additional �le 4: Table S3). Two kinds of PP, namely
phosphatidate phosphohydrolase (PAH) and lipid phosphate phosphatase (LPP), have functions related
to de novo DAG synthesis [64]. In the current study, PaPAH1, two PaPAH2 paralogs, two PaLPP2 paralogs,
and two PaLPP3 paralogs were expressed in the avocado mesocarp and seed (Fig. 4). Four of these
unigenes, PaPAH1, PaPAH2-1, PaLPP2-1, and PaLPP2-2, were more highly transcribed in the developing
mesocarp than in the developing seed, whereas the other three unigenes exhibited the opposite
expression pattern (Additional �le 4: Table S3). Previous studies implied that LPP rather than PAH is the
more probable candidate enzyme responsible for generating DAG [65, 66]. In our study, the average
expression levels of four LPP unigenes were 29.40 and 25.23 FPKM/stage in the developing mesocarp
and seed, respectively. These expression levels were higher than the average transcript levels of three
other LPP unigenes, which were 11.61 and 8.97 FPKM/stage in the developing mesocarp and seed,
respectively (Additional �le 4: Table S3).

Earlier research con�rmed that DGAT, which transfers acyl-CoA to the sn-3 position of diacylglycerol
(DAG), is a key rate-limiting enzyme for TAG assembly in the ER [11]. The PaDGAT1 and PaDGAT2
transcript levels were on average 15.71- and 2.32-fold higher in the developing mesocarp than in the
developing seed, respectively, which was consistent with the oil content differences observed between the
two oil-rich tissues in this study (Fig. 1a; Additional �le 4: Table S3). Additionally, PaDGAT2 was
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transcribed more abundantly than PaDGAT1 by an average of 1.64- and 6.79-fold in the developing
mesocarp and seed, respectively (Additional �le 4: Table S3), suggesting DGAT2 is the predominant
enzyme synthesizing TAG in the avocado mesocarp and seed. Similarly, the DGAT2 transcript level is
more than 3-times greater than that of DGAT1 in the C. esculentus tuber [20], but DGAT1 is more highly
transcribed in oil seeds and fruits [7, 11, 25].

In addition to the de novo DAG synthesis via the Kennedy pathway, DAG precursors may be transferred
from PC to DAG by PDAT to form lyso-PC and TAG [11]. Our data revealed two PaPDAT paralogs and two
LPCAT paralogs were expressed in the avocado mesocarp and seed. The two PaPDAT paralogs were
more highly transcribed in the avocado seed than in the mesocarp, whereas there were no differences in
the transcription of the PaLPCAT paralogs between the avocado mesocarp and seed (Additional �le 4:
Table S3). Another possible route involves the PC-derived production of DAG as the substrate for TAG
synthesis via the reversible activities of two enzymes, phosphatidylcholine:DAG
cholinephosphotransferase (PDCT) and/or cytidine-5′-diphosphocholine:DAG cholinephosphotransferase
(CPT), with the reversibility of the catalyzed reactions enabling the enrichment of DAG in PUFAs [7]. In our
study, the PaCPT transcript level in the developing mesocarp was on average 57.61-fold higher than that
in the developing seed. In contrast, the PaPDCT expression level in the developing seed was on average
259-fold higher than that in the developing mesocarp (Additional �le 4: Table S3). Similarly, in an earlier
investigation, the PaCPT expression levels were on average 6-fold higher than the PaPDCT expression
levels in the avocado mesocarp [7]. Additionally, CPT orthologs are more highly expressed than PDCT
orthologs in most oil-rich seeds and fruits [20, 25, 52]. Notably, PaCPT and PaPDCT exhibited tissue-
speci�c transcriptional levels, yet PaCPT and PaPDCT do not contribute to major changes in the
channeling of FAs from the PC pool for TAG synthesis in the avocado mesocarp and seed because of
their relatively low expression levels (< 5 FPKM/stage in the mesocarp and seed) (Additional �le 4: Table
S3). Collectively, these results suggest that the �ux through PC may contribute to the considerable
accumulation of TAG in the avocado mesocarp and seed.

The enzyme encoded by FAD2 catalyzes the introduction of a second double bond in oleic acid, which
generates polyunsaturated linoleic acid [67]. In our study, two PaFAD2 paralogs were expressed in the
avocado mesocarp and seed, with higher transcription levels in the developing mesocarp than in the
developing seed, consistent with the differences in the C18:2 contents between these two tissues (Fig. 4;
Additional �le 1: Table S1). Additionally, the PaFAD2-1 expression patterns in the developing mesocarp
and seed were also in accordance with the changes in the C18:2 contents in the developing mesocarp
and seed.

Lipid droplets accumulating TAG are encircled by a phospholipid monolayer and abundant amphipathic
proteins, and they function as the hub for metabolic processes [68]. An earlier study proved that OBO,
STERO, and CALO are TAG storage-related genes [20]. Recently, new lipid droplet-associated genes have
been identi�ed, namely LDAP1 and LDAP2 [69, 70]. In our study, PaLDAP2-1 and two PaCALO paralogs,
with average transcript levels greater than 120 FPKM/stage, were the main genes involved in the
formation of lipid droplets in the mesocarp, whereas four unigenes (PaLDAP2-1, PaOBO, and two PaCALO
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paralogs), with average transcript levels greater than 120 FPKM/stage, were the primary genes
contributing to the formation of lipid droplets in the seed (Fig. 4; Additional �le 4: Table S3). In contrast to
avocado, earlier transcriptomic studies revealed that the substantial expression of OBO, STERO, and
CALO in the oil-bearing seed and tuber tissues of oil crops is likely important for stabilizing TAG in
developing seeds and tubers [2, 20, 52].

In the current study, co-expression analyses identi�ed potential TFs regulating the expression of lipid-
related genes affecting oil accumulation. Previous investigations proved that WRI1, LEC1, LEC2, FUS3,
and ABI3 encode key TFs regulating oil biosynthesis [18]. Both WRI1 and ABI3 were expressed in the
avocado mesocarp and seed, respectively, in the current study, but they were not classi�ed as hub genes
in the co-expression network. A total of 143 and 141 TFs were uniquely correlated with the oil content in
the avocado mesocarp and seed, respectively, implying the oil biosynthesis regulatory network varies
between these two tissues. Similarly, different ABA-responsive TF genes (EgNF-YA3, EgNF-YC2, and
EgABI5) were identi�ed as regulators of oil accumulation in the oil palm mesocarp instead of the TF
genes (WRI1, LEC1, LEC2, FUS3, and ABI3) identi�ed in other oilseed crops, although all of these TF genes
belong to the nuclear factor Y (NFY) and basic leucine zipper (bZIP) families [18, 23]. Our analysis of the
avocado mesocarp and seed transcriptomes uncovered 10 hub TF genes in the avocado mesocarp and
seed, of which PaPBS1-1 and PaRAP2-3 are highly expressed and encode enzymes that interact with
other lipid-related TFs in the developing avocado mesocarp and seed, respectively (Fig. 5a, b, Additional
�le 8: Table S6). We identi�ed PaPBS1-1 as a serine/threonine-protein kinase, and a GO term enrichment
analysis indicated that lipid-related TFs are associated with protein serine/threonine kinase activities in
the avocado mesocarp and seed. Thus, serine/threonine-protein kinases may affect oil accumulation.
Serine/threonine-protein kinase participants in histone modi�cations, and histone modi�cations play
essential roles in chromatin remodeling and gene expression regulation [71]. Recently, increasing
evidence has demonstrated that histone modi�cations provide a key switch for oil accumulation in A.
thaliana [71]. Additionally, PaRAP2-3 was identi�ed as an ethylene-responsive TF, and the subsequent
KEGG analysis implied that the lipid-related TFs are involved in plant hormone signal transduction
pathways in the avocado mesocarp and seed. Similarly, previous studies suggested that hormone-
responsive TFs (such as WRI1) regulate the expression of several fatty acid biosynthetic genes [11, 18,
25]. Moreover, many TF genes, such as PaRAP2-1, PaCOL4-1, PaGRP-2, PaMBF1B, PaEIN3-1, PaCDL1,
and PaASIL2, were highly expressed in the developing avocado mesocarp and seed (Additional �le 8:
Table S6). Future analyses of these TFs with forward and backward genetic methods may clarify their
relationships in avocado.

Recent studies con�rmed the importance of lncRNAs for regulating gene expression in eukaryotic cells,
especially during some key biological processes [46]. However, the number of lncRNAs encoded in
genomes as well as their characteristics remain largely unknown [72]. In the current study, 5,299 lncRNAs
were identi�ed as expressed in the developing avocado mesocarp and seed, after which 11 trans-acting
lncRNAs and 79 cis-acting lncRNAs corresponding to 43 lipid-related unigenes were detected in the
developing avocado mesocarp and seed (Additional �le 8: Table S7; Additional �le 10: Table S8). Our
data also revealed that nine cis-acting lncRNAs were speci�cally expressed in the avocado mesocarp or
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seed (Additional �le 10: Table S8). Further analyses indicated that lncRNAs PB.19359.1, PB.6205.1,
PB.4443.3, PB.12340.3, and PB.19743.2 are more highly expressed (average transcript levels > 20
FPKM/stage) in the developing avocado mesocarp than in the developing seed (Additional �le 8: Table
S7). Previous studies also demonstrated that lncRNAs often exhibit tissue-speci�c expression patterns
[73]. Furthermore, lncRNAs PB.19359.1 and PB.6205.1 were positively co-expressed with PDH (E3),
whereas lncRNAs PB.4443.3, PB.12340.3, and PB.19743.2 expression levels were positively related with
FAD2-2 expression (Additional �le 4: Table S3; Additional �le 8: Table S7). Therefore, these �ve lncRNAs
may play substantial roles in accelerating oil accumulation, especially in the developing avocado
mesocarp.

Conclusions
In summary, the regulated oil biosynthesis in the developing avocado mesocarp and seed was explored at
the transcriptome, metabolic, and histological levels in this study. Bioinformatic analyses indicated that
tissue-speci�c oil biosynthesis transcriptional networks in the developing avocado mesocarp and seed
may involve multiple components, including various lipid-related genes, TFs, and lncRNAs. The data
generated in the current study as well as in previous investigations were used to develop a regulatory
network for the oil biosynthesis in the developing avocado mesocarp and seed that includes the vital
lipid-related genes identi�ed in this study (Fig. 4). Moreover, the expression pro�les of known lipid-related
genes in the developing avocado mesocarp and seed were summarized (Additional �le 4: Table S3;
Additional �le 5: Table S4). Our results indicate that avocado is a promising model plant for
characterizing tissue-speci�c oil biosynthesis and the associated regulatory network. Future studies
should focus on functionally annotating the identi�ed candidate genes, TFs, and lncRNAs to further
expand our knowledge regarding oil biosynthesis in the avocado mesocarp and seed.

Methods

Plant materials
Avocado fruits (cultivar ‘Hass’) were collected from six 10-year-old trees consisting of Zutano clonal
rootstock (two trees were classi�ed as a unit for each biological replicate) from April 2018 to September
2018 at the Chinese Academy of Tropical Agricultural Sciences (Danzhou city, Hainan province, China;
latitude: 19.52°N, longitude: 109.57°E, and altitude: 200 m above sea level). The fruits in each tree were
marked during the main �owering season (i.e., February 2018), and collected at �ve time-points (75, 110,
145, 180, and 215 DAFB) until the fruits reached physiological maturity (de�ned as the ability to ripen
after harvest). The 215 DAFB time-point was set as the harvest time. Three sets of fruits were randomly
collected for each biological replicate in each developmental stage and quickly brought to the laboratory.
The �rst set of nine fruits was morphologically characterized as previously described [51]. The second set
was freeze-dried for an oil body analysis. The third set was immediately frozen at − 80 °C for the
subsequent transcript and FA composition analyses.
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Analysis of the fatty acid composition by gas
chromatography–mass spectrometry (GC-MS)
The FA composition was analyzed by GC-MS as described by Ge et al. [9]. Qualitative and quantitative
analyses of the FA composition were performed with an Agilent 7890B-7000B GC-MS system (Santa
Clara, CA, USA) equipped with a DB-5MS column (60 m × 0.25 mm i.d., 0.25-mm �lm thickness) using
helium (1.3 mL/min) as the carrier gas. The fatty acid methyl esters (FAMEs) were identi�ed by
comparing the retention times of the peaks with those of commercial standards and by comparing the
respective ion chromatograms with those reported in the NIST 2011 library. Methyl nonadecanoate was
added as an internal standard and the FAMEs were quanti�ed with the calibration curves for the
standards (R2 ≥ 0.995). The FAME contents were measured for three biological replicates, each
comprising three technical replicates.

Histological analyses
To visualize the lipid droplets in the mature avocado mesocarp and seed at 215 DAFB, sample sections
that were 10–15 mm thick were prepared with the CV5030 vibratome (Leica Biosystems, Wetzlar,
Germany) and then washed three times with 0.2 M phosphate-buffered saline. They were then stained
with 0.5 mg/mL Nile red and examined with the LM510 confocal laser scanning microscope (Carl Zeiss
AG, Oberkochen, Germany), with a laser excitation at 543 nm and a 40 × objective lens.

Illumina transcriptome library preparation and sequencing
The total RNA extraction and analysis (i.e., determination of concentration and integrity) were completed
as described by Ge et al. [51]. Poly-T oligo-attached magnetic beads were applied to purify mRNA from
the total RNA. Five mesocarp and seed samples underwent an RNA-seq analysis involving three
biological replicates per sample. The fragmentation step was completed with divalent cations in the
NEBNext First Strand Synthesis Reaction Buffer (5×) at an elevated temperature. First-strand cDNA was
synthesized with a series of random hexamer primers and reverse transcriptase, after which the second
cDNA strand was produced with DNA Polymerase I and RNase H. The cDNA libraries used for sequencing
were constructed by ligating the cDNA fragments to sequencing adapters and amplifying the fragments
by PCR. The libraries were then sequenced with the Illumina HiSeq 2000 platform (Illumina Inc., San
Diego, CA, USA).

PacBio Iso-seq library preparation and sequencing
The SMARTer PCR cDNA Synthesis Kit was used to synthesize cDNA from the same RNA samples used
for Illumina sequencing. The cDNA was synthesized using mixed RNAs from �ve fruit developmental
stages for each mesocarp and seed sample. After the PCR ampli�cation, quality control analysis, and
puri�cation, full-length cDNA fragments were obtained with the BluePippin Size Selection System
protocol for the construction of each mesocarp and seed cDNA library (1–6 kb). Selected full-length
cDNA was ligated to the SMRT bell hairpin loop. A Qubit 2.0 �uorometer was then used to determine the
cDNA library concentration. The quality of the cDNA library was assessed with the Agilent 2100
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Bioanalyzer. Finally, each SMRT cell for the mesocarp and seed was sequenced with the PacBio Sequel 
instrument (Paci�c Bioscience, Menlo Park, CA, USA).

Illumina data analysis
Raw data (raw reads) in the fastq format were �rst processed with in-house perl scripts. Clean data (clean
reads) were obtained by removing reads containing adapters or poly-N sequences as well as low-quality
reads from the raw data. At the same time, the Q20, Q30, GC-content, and sequence duplication level of
the clean data were calculated. All downstream analyses were based on the high-quality clean data.
These clean reads were then mapped to the reference genome sequence with HISAT2. Only reads with a
perfect match or one mismatch were further analyzed and annotated based on the reference genome.
Gene expression levels were calculated according to the expected number of fragments per kilobase of
transcript per million mapped reads (FPKM). Genes differentially expressed between two samples were
analyzed with the DEGSeq R package (1.10.0) [74]. The P-values were adjusted with the Benjamini &
Hochberg method. Genes identi�ed by DESeq with a false discovery rate ≤ 0.01 and a fold-change ≥ 2
were de�ned as differentially expressed.

PacBio data analysis
Raw reads were processed into error-corrected reads of insert (ROIs) using the Iso-seq pipeline with min
Full Pass = 0.00 and min Predicted Accuracy = 0.80. Next, the FLNC transcripts were identi�ed by
searching for the poly-A tail signal and the 5′ and 3′ cDNA primers among the ROIs. Iterative Clustering for
Error Correction (ICE) was used to obtain consensus isoforms, and full-length consensus sequences from
ICE were polished with Quiver. The low-quality full-length transcript isoforms were corrected based on the
Illumina short reads with the default settings of Proovread. High-quality and corrected low-quality
transcript isoforms were con�rmed as nonredundant with CD-HIT (version 1) (http://weizhongli-
lab.org/cd-hit/). Full-length consensus sequences were mapped to the reference genome with GMAP [75].
Mapped reads were further collapsed with the pbtranscript-ToFU package, with min-coverage = 85% and
min-identity = 90%. The 5′ difference was not considered when collapsing redundant transcripts.

LncRNA identi�cation based on PacBio sequences
Four computational approaches (CPC/CNCI/CPAT/Pfam) were combined to sort non-protein-coding RNA
candidates from the putative protein-coding RNAs in the transcripts. Putative protein-coding RNAs were
�ltered out according to a minimum length and exon number threshold. Transcripts longer than 200 nt
and with more than two exons were selected as lncRNA candidates to be screened further with
CPC/CNCI/CPAT/Pfam, which can distinguish the protein-coding genes from the non-protein-coding
genes.

To clarify the lncRNA biological functions, the target genes were predicted based on cis-acting and trans-
acting modes [76]. The sliding window strategy was used to search for cis-acting target genes within
10/100 kb upstream and downstream of lncRNAs. To identify the trans-acting lncRNAs, the correlations
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between the expression levels of lncRNAs and all protein-coding genes were calculated. The trans-acting
lncRNAs were identi�ed based on Pearson’s correlation coe�cient (r) > 0.9.

Analysis of transcription factors
Transcription factor gene families were identi�ed according to categorically de�ned TF families and
criteria from the KO, KOG, GO, Swiss-Prot, Pfam, Nr, and Nt databases with the default parameters of iTAK
(version 1.2). The TFs were identi�ed and classi�ed as previously described [77].

Functional annotation of transcripts
Genes were functionally annotated following a BLASTX search (E-value threshold of 10− 5) of the
following databases: Clusters of Orthologous Groups of proteins (KOG/COG), Non-supervised
Orthologous Groups (eggNOG), Swiss-Prot, Pfam, and NCBI nonredundant protein sequence (Nr).
Additionally, the KEGG Automatic Annotation Server [78] was used to assign KEGG metabolic pathways
to the unigenes. Moreover, the unigenes were annotated with GO terms with the Blast2GO (version 2.5)
program [79] based on the BLASTX matches in the Pfam and Nr databases (E-value threshold of 10− 6).

GO and KEGG enrichment analysis
The GO functional enrichment and KEGG pathway analyses of the differentially expressed genes were
completed with GOseq R (version 1.20.0) [80] and KOBAS (version 3.0)[81].

Validation of transcript levels by quantitative real-time PCR
The transcription levels of 10 unigenes related to fatty acid biosynthesis expressed in the avocado
mesocarp and seed were validated by qRT-PCR. Details regarding the qRT-PCR primers are presented in
Additional �le 13: Table S9. The qRT-PCR was conducted with a 96-well plate and the QuantStudio 7 Flex
Real Time PCR System (Applied Biosystems, Foster City, CA, USA). The RNA extraction and qRT-PCR
assay were completed as described by Ge et al. [51]. The PaActin7 gene was used as an endogenous
control for normalizing the data and the 2−∆Ct method was used for analyzing the PCR data. For each
sample, the qRT-PCR analysis was conducted with three biological replicates, each comprising two
technical replicates.

Co-expression analysis
A gene co-expression network was constructed according to the manual
(labs.genetics.ucla.edu/horvath/CoexpressionNetwork/Rpackages/WGCNA/#manual Install) for the
WGCNA R package. The data for the differentially expressed transcripts derived from the NGST
sequencing data for the avocado mesocarp and seed were used to construct the co-expression network.
The differentially expressed transcripts with FPKM value/stage ≥ 1 were used for the WGCNA. The GO
and KEGG analyses were conducted with Blast2GO [79] and KOBAS [78], respectively. Co-expressed genes
were counted with Metascape (metascape.org/gp/index.html#/main/step1) and their enrichment was
statistically evaluated with Cytoscape 3.5 (https://cytoscape.org/).
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Additional �le 1: Table S1. Fatty acid composition of total lipid in developing avocado mesocarp and
seed during the fruit development.

Additional �le 2: Figure S1. Total ion chromatograms of fatty acid methyl ester of avocado mesocarp and
seed at 215 DAFB (Harvest).

Additional �le 3: Table S2. Summary of 30 Illumina RNA-seq data and the alignment with the reference
genome sequence.

Additional �le 4: Table S3. Analysis of differential expression and annotation of unigenes participating in
FA synthesis and TAG assembly.

Additional �le 5: Table S4. Analysis of differential expression and annotation of unigenes participating in
TAG storage.
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Additional �le 6: Figure S2. Identi�cation of the putative expressed transcription factors between
mesocarp and seed during avocado fruit development.

Additional �le 7: Table S5. Overview of the putative expressed transcription factors in developimng
avocado mesocarp and seed.

Additional �le 8: Table S6. Overview of lipid-related transcription factors in developimng avocado
mesocarp and seed based on WGCNA.

Additional �le 9: Table S7. Overview of the predicted expressed lncRNAs in developimng avocado
mesocarp and seed.

Additional �le 10: Figure S3. Identi�cation of expressed lncRNAs between mesocarp and seed during
avocado fruit development.

Additional �le 11: Table S8. Overview of the predicted lncRNAs in cis/trans-regulation of the expressions
of lipid-related genes participating in FA synthesis and TAG assembly.

Additional �le 12: Figure S4. Validation of the transcriptomic data with quantitative RT-PCR. Ten unigenes
and lncRNAs were used in this validation in avocado mesocarp (a) and seed (b). The comparative FPKM
and 2−ΔΔCt at 75 DAFB were used as the control for normalization. Results represent the mean of three
biological replicates and two technical replicates (mean ± SD, n=6). Refer to Additional �le 4 Table S3 for
the detail information on the selected unigenes (PaPDH(E1β), PaACP4-2, PaSAD(FAB2), PaLACS8,
PaFAD2-2) participating in FA synthesis and TAG assembly. Refer to Additional �le 5 Table S4 for the
detail information on the selected unigenes (PaLDAP2-1) participating in TAG storage. Refer to Additional
�le 8 Table S6 for the detail information on the selected lipid-related transcription factors (PaPBS1-1 and
PaRAP2-3). Refer to Additional �le 9 Table S7 for the detail information on the selected lncRNAs
(PB.19359.1 and PB.4443.3).

Additional �le 13: Table S9. Primers used in qRT-PCR.

Figures
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Figure 1

Total lipid content and composition of developing avocado fruits. a Oil content in the avocado mesocarp
and seed during the fruit developmental period. The oil contents of individual mesocarps and seeds were
measured by gas chromatography–mass spectrometry and are presented as a percentage of fresh
weight (n = 9). b Fatty acid composition in the developing avocado mesocarp and seed during the fruit
developmental period (n = 9)
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Figure 2

Confocal microscopy images of lipid droplets in the mature avocado mesocarp (a) and seed (b). Lipid
droplets were visualized by Nile red staining at 215 DAFB. LD: lipid droplet
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Figure 3

Cluster analysis of the avocado mesocarp and seed lipid-related genes associated with FA synthesis and
TAG assembly. a Hierarchical clustering dendrogram of the lipid-related genes involved in FA synthesis
and TAG assembly in the avocado mesocarp. Red and blue re�ect high and low expression levels,
respectively. Different gene expression patterns were detected in the two gene clusters. b Hierarchical
clustering dendrogram of the lipid-related genes affecting FA synthesis and TAG assembly in the avocado
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seed. Red and blue re�ect high and low expression levels, respectively. Different gene expression patterns
were detected in the two gene clusters

Figure 4

Transcript levels of the lipid-related genes associated with FA synthesis and TAG assembly in the
avocado mesocarp and seed. Gene expression levels at 75, 110, 145, 180, and 215 days after full bloom
are indicated with colored bars, with mesocarp and seed results presented in the top and bottom rows of
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bars, respectively. FPKM: fragments per kilobase of transcript per million mapped reads; PDH (E1α):
pyruvate dehydrogenase E1 component subunit alpha; PDH (E1β): pyruvate dehydrogenase E1
component subunit beta; PDH (E2): E2 component of pyruvate dehydrogenase complex; PDH (E3): E3
component of pyruvate dehydrogenase complex; ACC (Ctα): carboxyltransferase α-subunit of heteromeric
ACCase; ACC (BC): biotin carboxylase subunit of heteromeric acetyl-CoA carboxylase (ACCase); ACC
(BCCP1): biotin carboxyl carrier protein of heteromeric ACCase; MAT (MCAT): malonyl-CoA:ACP
malonyltransferase; ACP4: acyl carrier protein 4; KAS III: ketoacyl-ACP synthase III; KAR: ketoacyl-ACP
reductase; EAR: enoyl-ACP reductase; KAS I: ketoacyl-ACP synthase I; KAS II: ketoacyl-ACP synthase II;
SAD: stearoyl-ACP desaturase; FaTA: acyl-ACP thioesterase A; FaTB: acyl-ACP thioesterase B; LACS: long-
chain acyl-CoA synthetase; GPAT: glycerol-3-phosphate acyltransferase; LPAAT: 1-acylglycerol-3-
phosphate acyltransferase; PAH: phosphatidate phosphatase; LPP: phosphatidate phosphatase; DGAT:
acyl-CoA:diacylglycerol acyltransferase; CPT: diacylglycerol cholinephosphotransferase; PDCT:
phosphatidylcholine:diacylglycerol cholinephosphotransferase; PDAT: phospholipid:diacylglycerol
acyltransferase; LPCAT: 1-acylglycerol-3-phosphocholine acyltransferase; LDAP: lipid droplet-associated
protein; OBO: oil-body oleosin; CALO: caleosin; STERO: steroleosin
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Figure 5

Functional clustering of lipid-correlated transcription factors. a Visualization of the lipid-correlated
transcription factor enrichment analysis of the avocado mesocarp with Metascape. b Visualization of the
lipid-correlated transcription factor enrichment analysis of the avocado seed with Metascape. Red
circular nodes indicate the hub lipid-correlated transcription factors, whereas the pink nodes indicate the
other transcription factors. Solid gray and dotted blue lines indicate positive and negative co-expression,
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respectively. c Identi�cation of differentially expressed lipid-correlated transcription factors between the
mesocarp and seed in developing avocado fruit. d GO term enrichment of lipid-correlated transcription
factors in the avocado mesocarp. e KEGG pathway analysis of lipid-correlated transcription factors in the
avocado mesocarp. f GO term enrichment of lipid-correlated transcription factors in the avocado seed. g
KEGG pathway analysis of lipid-correlated transcription factors in the avocado seed. Detailed results are
listed in Additional �le 8: Table S6.
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