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Abstract

Pecan [Carya illinoinensis (Wangenh.) K. Koch] kernel contains high proportion of fatty acid, which has the benefits of
reducing the risk of blood and heart diseases. However, the molecular mechanism of lipid metabolism in pecan kernels has
remained unclear. In this study, the changes of fatty acids in developing pecan kernels (cultivar Pawnee) was monitored using
gas chromatography (GC) method, and the transcriptome analysis was performed on four critical stages of lipid accumulation.
Twenty-five fatty acids were identified and a total of 73,262 unigenes were obtained after assembling, in which 7709 unigenes
were annotated in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. The top annotated pathway within
“Metabolism” catalog in KEGG was “Carbohydrate metabolism”. A putative pecan lipid metabolic pathway was
reconstructed including 26 homologs consist of 93 unigenes. The stearoyl-ACP desaturase (SAD) and the omega-6 fatty acid
desaturase (FAD2) were found play vital roles in the formation of the high oleic acid content and corresponding fatty acid ratio
in pecan kernel. The acetyl coenzyme A carboxylase (ACCase), the glycerol-3-phosphate acyltransferase (GPAT), the
diacylglycerol acyltransferase (DGAT), and the phospholipid: diacylglycerol acyltransferase (PDAT) were found may play
important roles in pecan lipid accumulation too. Transcription factor (TF) families like AP2-EREBP, bZIP, ARF, and C3H
might have positive transcriptional regulations to lipid biosynthesis in pecan, while MYB might have negative transcriptional
regulations. To our knowledge, this is the first report of global transcriptional profile of pecan kernels. These data will provide
a theoretical basis for future genetic modification of fatty acids in pecan and other oilseed. © 2018 Friends Science Publishers
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Introduction

Pecan [Carya illinoinensis (Wangenh.) K. Koch] is a North
American deciduous tree that belongs to the Juglandaceae
family. It had been introduced into China in the 1900s and
reconsidered as extremely promising tree oil with great
health benefits. Pecan nuts contain high proportion of lipid,
which are predominantly composed of triacylglycerol
(TAGSs). The diverse characters of plant oils are primarily
determined by the fatty acid composition of TAG. In mature
pecan kernels, the main constituents of fatty acids are
unsaturated fatty acids (UFA). Among all fatty acids, the
quantity of oleic acid was the highest, followed by linoleic
acid, palmitic acid, stearic acid, and a-linolenic acid. The
unique health benefits of pecan oil lie in its high oleic acid
content. It is reported that pecan nut can reduce the risk of
coronary heart disease by reducing high blood cholesterol
level (Rajaram et al., 2001; Hudthagosol et al., 2011). The
extraordinarily high content of oleic acid also makes pecan a

good material for the study of the mechanism involved in
the metabolism of monounsaturated fatty acids (MUFAS).
Both control of the oil composition and improvement
of the total oil yield have been the major goals of breeders
and molecular biologists. Our previous research showed that
there are considerable variations of fatty acid contents
among different pecan varieties introduced into China (not
published yet). Understanding the lipid metabolism process
and its molecular mechanism is the foundation to achieve
the above objectives. Previous pecan researches mainly
focused on marker developing or linkage mapping
(Vendrame et al, 1999; Conner and Wood, 2001,
Cerna-Cortés et al., 2003; Grauke et al., 2003; Beedanagari
et al., 2005) and several genes were also cloned and
analyzed (Zhang et al., 2015). But genomic resources are
still unavailable for further studies related to nutritional
accumulation mechanism. Lipid biosynthesis begins with
the de novo synthesis of fatty acid in the plastid.
Acetyl-CoA were converted to malonyl-CoA and catalyzed
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by the plastidial ACCase. Then the plastidial fatty acid
synthase (FAS) catalyzed the chain extension, two carbons
at a time to form 16:0- and 18:0-ACP (Shintani and
Ohlrogge, 1995). The latter product can be further modified
by SAD (Kachroo et al., 2007). GPAT and DGAT
catalyzed the first and last acylation steps of G-3-P (Murata
and Tasaka, 1997; Ohlrogge and Browse, 1995). The fatty
acid desaturase (FAD) gene family controlled the
desaturation of fatty acids, among which FAD2, FAD6
catalyzed the generation of linoleic acid; whereas, FAD3,
FAD7 and FADS catalyzed the generation of linolenic acid
(Ohlrogge and Browse, 1995). TFs like ABI3, LEC1, LEC2,
FUS3, WRI1 and MYB were reported to have effects in
regulating lipid biosynthesis, previously (Santos-Mendoza
et al., 2008; Baud and Lepiniec, 2010).

De novo transcriptome sequencing provides a
powerful approach to explore the mechanisms underlying
lipid biosynthesis. For example, by using RNA sequencing
(RNA-Seq), genes involved in lipid biosynthesis in olive
(Mufoz-Mérida et al., 2013), persea Americana (Kilaru et
al., 2015), peanut (Yin et al., 2013), soybean (Chen et al.,
2012), flaxseed (Venglat et al., 2011), and oil palm (Dussert
et al., 2013) were identified and profiled. To set up the
foundation for genomic studies of pecan, an RNA-Seq
experiment was conducted using samples from different key
developmental stages of pecan, and to address three
objectives: (1) to obtain basic transcriptome data for pecan;
(2) to identify key regulatory genes associated with lipid
metabolism; and (3) to determine the transcriptome
mechanisms for the formation of the corresponding fatty
acid ratio in pecan kernels.

Materials and Methods
Plant Materials

Pecan cultivar Pawnee was used in this study because of its
wide cultivation area in China and its high lipid content. The
experimental trees were planted in the scientific orchards of
the Institute of Botany, Jiangsu Province and Chinese
Academy of Sciences under normal management of water
and fertilizer. Fifteen healthy pecan trees (10-years-old)
were selected as sample trees. The nuts were sampled from
the four directions, east, south, west, and north, at 10-days
interval from 95 to 165 days after full blossoming in 2013
(S1-S8 equal to 95-165 d). Two healthy nuts were sampled
from each direction makes eight nuts each tree. Nuts
from every five trees were combined together to form
three biological replicates. The samples were
immediately placed in an ice box and transported back to
the laboratory. The kernels were separated and stored at
-70°C for analysis. Before use, samples were powdered and
homogeneously mixed.

Preparation of Fatty Acid Methyl Esters (FAMES)

Lipids were extracted using Soxhlet extraction method
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with~10 g kernel and 150 mL n-hexane. Solvent were
then removed at~50°C using a Rotovap (Blichi Rotovapor
R-114, Bichi Labortechnik AG, Switzerland). FAMEs
were prepared according to the official method of the
ISO  (International  Standardization  Organization)
(Standardization 2000). Briefly, pecan oil (about 30 mg)
was weighed into a 50 mL flask together with 4 mL sodium
hydroxide methanol solution (NaOH/MeOH, 0.5%) and a
few defatted zeolites. The flask was refluxed in a water bath
at 85°C under nitrogen protection and shaken every 60 s
until the oil disappeared. And then 5 mL boron trifluoride
catalyst reagent was added to the flask. After keep refluxing
for 3 min, isooctane (3 mL) was added, and the reaction was
stopped immediately. FAMEs were extracted by adding a
saturated solution of NaCl (20 mL) with violent shaken.
After separate into layers, the supernatant was collected by
syringe and filtrated with 0.45 um polytetrafluoroethylene
(PTFE) filters (Branch Bollion Lung Experimental
Equipment Co., Ltd, Tianjing, China) and stored at 4°C for
GC analysis. Methyl heptadecanoate was added as internal
standard (Nu-Chek-Prep, Elysian, MN, USA).

Fatty Acid Profiling

FAMEs were analyzed on an Agilent 6890N gas
chromatograph. A Supelco SP-2340 column (100 mx0.25
mm, 0.20 um, Pennsylvania, USA) was used.
Chromatographic program was as follow: initial
temperature of 100°C, last for 2 min, ramp at 5°C/min to
200°C and hold for 1 min, ramp at 10°C/min to 280°C and
hold for 10 min. The injector temperature was 250°C, the
flame ionization detector (FID) was 200°C. The helium, air,
and hydrogen flows were set at 1.6, 300, and 35 mL/min,
respectively. Three replicates were measured on each period.
The fatty acids identifications were carried out using
Supelco FAME mixture of standards (Nu-Chek-Prep,

Elysian, MN, USA). The fatty acids contents were
calculated wusing area normalization method and
demonstrated as contents in kernels.

RNA Isolation, Library Construction, and RNA
Sequencing

Samples of four key stages were chosen according to the
lipid (Jia et al., 2016) and fatty acid results to perform
transcriptional profiling, which were S3, S5, S6 and S8 (Fig.
1). Total RNA was isolated from the kernel tissue of each of
the three biological replicates using plant RNA extraction
kit (TIANDZ, Inc Beijing, China, with DNase). The
quantity of the isolated total RNA samples were examined
by a NanoDrop2000 Spectrophotometer (Thermo Fisher
Scientific, USA) and agarose gel electrophoresis (1.2%),
while the quality were valued by an Agilent 2100
Bioanalyzer (Agilent Technologies, USA). Four libraries
(three biological replicates of each period were combined
into one library) were construction and sequenced using
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Illumina HiSeq2500 platform. All data were up loaded to
the NCBI database under BioProject ID PRINA347430.

Assembling, Annotation and Differentially Expressed
Genes (DEGs) Analysis

The raw reads were cleaned and de novo assembled using
Trinity program (Pertea et al., 2003; Haas et al., 2013).
Functions of unigenes were annotated using BLAST
program (E-value < 1E-5). Sequences were compared with
public databases including NCBI, non-redundant protein
database (NR), reviewed protein sequence database
(Swiss-Prot), Clusters of Orthologous Groups of proteins
(COG), KEGG, Gene Ontology (GO) and Pfam database
(version 26.0). TFs were labeled using iTAK software
(Zheng et al., 2016). The unigenes expressions were
calculated by RPKM value. The DEGseq R package (1.12.0)
was used to screen DEGs between each two samples (Wang
et al., 2010). The g-value (adjusted p-values) < 0.005 and
the absolute value of log2 ratio >1 were set as the threshold
for significantly differential expression (Storey and
Tibshirani, 2003). Hierarchical clustering analysis was
carried out for all DEGs union set between each two
samples.

Quantitative RT-PCR Analysis

The primer sequences were designed using Beacon designer
7 (Supplementary Table 1). Total RNA samples were
prepared as described previously. The first-strand cDNA
was then synthesized using a Prime Script RT Reagent Kit
(TaKaRa, Japan). The RT-gPCR reactions were performed
on the ABI7500 fast Real-Time PCR system (Applied
Biosystems, USA) of three biological replicates and three
technical repeats with the SYBR® Premix ExTaq™ Kit
(Takara, Dalian, China). The Actin gene was selected as the
internal control (Zhang et al., 2015). The relative mRNA
expression levels were calculated using the 2-AACt method
(Livak and Schmittgen, 2001). Data analyses were
conducted using SPSS version 17.0 statistical software.

Results
Fatty Acid Profiling

Fatty acid compositions of all stages were measured (Table
1). Five dominant components were oleic acid (C18:1A%,
68.39% at S7), linoleic acid (C18:2A% ', 22.44%),
palmitic acid (C16:0, 5.63%), stearic acid (C18:0, 1.93%),
and a-linolenic acid (C18:3A% '* ' 096%). The
combined relative content of these five fatty acids were
41.68% at S1, 70.89% at S2, 97.16% at S3, and over 99%
from S4-S8. The percentage of oleic acid increased
significantly (p< 0.05) from 17.87% at S1 to 68.21% when
fruit was completely ripened. The percentage of linoleic
acid reached the highest point at S3 and then decreased,
whereas, a-linolenic acid decrease significantly (p < 0.05)
from 4.34% at S1 to 0.88% at full maturity.

993

Twenty other minor fatty acids were identified at
S1 and S2, while this number reduced to 8 at S4-S8. And
the percentages of these minor fatty acids were decrease
significantly (p < 0.05) at mature when compare with the
early stages of pecan kernel. For example, the
percentages of C15:1, C16:1and C17:1 all exceeded 3%
at S1 and then declined to traceable amount as the kernel
matured.

Sequencing and Assembly

From the 4 libraries, 61,394,362, 63,832,162,
55,796,924 and 58,437,290 100-bp paired-end clean
reads were obtained, respectively. To ensure the
reliability of the libraries, we performed quality controls.
Each sample received a Q20 ratio greater than 95%, a
Q30 ratio greater than 90%, and a GC proportion
between 45-49%, demonstrating high and reliable
sequencing quality for analysis in the next step
(Supplementary Table 2). Using the high-quality reads,
132,720 transcripts were assembled and 73,262
unigenes were identified (Supplementary Table 3,
Supplementary Fig. 1).

Functional Annotation and Classification of Unigenes

The analyses showed that 27,935 unigenes (38.13%) had
significant matches in the Nr database, 15,120 unigenes
(20.63%) in the Nt database, 18,783 unigenes (25.63%) in
the Swiss-Prot database, 9222 unigenes (12.58%) in the
KOG database, and 19,103 unigenes (26.07%) in the PFAM
database (Table 2). A total of 31,415 unigenes (42.88%)
were successfully annotated in at least one database, with
2243 unigenes (3.06%) in all seven databases. The
annotation rate (42.88%) was not very low in comparison to
other plants whose genomes have not been studied.
Unigenes without matching sequences in these databases
may be new genes.

In total, 22,019 unigenes (30.05%) had a GO
annotation, and these unigenes were assigned to 47
functional terms with three ontologies (Biological Process,
Cellular Component, and Molecular Function) (Fig. 2). Of
these unigenes, “Biological Process” occupied the majority,
followed by “Cellular Component” and “Molecular
Function”. In the comprehensive range of GO categories,
“cellular process” (13,517 unigenes), “metabolic process”
(12,563 unigenes), “binding” (12,634 unigenes), “catalytic
activity” (10,599 unigenes) and “cell” (8279 unigenes) were
the top five dominant.

The functions of 7709 unigenes were also classified
using the KEGG database into 31 KEGG pathways (Fig.
3). The top five annotated pathways within
“Metabolism” catalog were “Carbohydrate metabolism”
(763 unigenes), “Energy metabolism” (553 unigenes),
“Amino acid metabolism” (506 unigenes), “Lipid
metabolism” (375 unigenes) and “Metabolism of cofactors
and vitamins” (234 unigenes).
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Table 1: Changes in lipid content (g-100 g™ FW) and fatty acid composition (% of total fatty acids) in developing kernels
of Pawnee pecans (Mean + SD)

Analyte Sample name

S1 S2 S3 S4 S5 S6 S7 S8

Lipid” 4.18+1.07° 3.12+0.89" 496+ 1.01° 1404+0.87° 3231+085° 56.17+1.11° 49.49+098° 41.03+0.86°
Saturated (SFA)

C8:.0 0.08 £0.001 0.09 £ 0.001 nd nd nd nd nd nd
C10:0 0.14 £ 0.003 0.11+£0.001 nd nd nd nd nd nd
C12:0 0.32+£0.005 0.21+£0.002 nd nd nd nd nd nd
C13:.0 0.34+0.003 0.28 +£0.002 nd nd nd nd nd nd

C14:0 020+0001°  0.40+0001° 005+0.005°  002+0.002° 0.03+0001° 0.03+0001° 003+0001° 0.04+0.002°
C15:0 012+0001°  0.12+0001° 011+0.001* 001+0.001* 0.01+0001° 0.01+0001° 001+0.002° 0.01+0.001%
C16:0 3.94+0.11d 13.00+0.36° 9.53+0.26° 478+0.12° 484+012° 5.65 +0.02° 5.63+0.02° 5.55 +0.04°
C17:0 011+0003*  0.11+0002° 019+0.005°  004+0.001* 0.04+0001° 0.06+0001° 005+0001* 0.05=0.001*
C18:0 2.01+0.04b 4.65+0.13° 1.92+0.01° 1.80 +0.05" 1.83+0.05" 2.00+0.005> 1.93+0.02° 2.00 +0.04°
C20:0 022+0005°  0.33+0006° 022+0.006® 008+0.002° 0.08+0002° 0.09+0001° 008+0001° 0.09+0.002°

C22.0 0.46 £0.01 0.48£0.01 nd nd nd nd nd nd
C24:.0 0.17 £0.001 0.16 £ 0.001 nd nd nd nd nd nd
Monounsaturated (MUFA)

C14:1n-5  0.51£0.01% 054+001°  005+0001" nd nd nd nd nd

C15:1n5 3.90+0.11° 2.57 +0.05° 0.30+0.01° 0.04+0.001° 0.04+0001° 0.03+0.001° 0.02+0.001° 0.02+0.001°
C16:1n-7  3.47 +0.09° 3.14+0.08° 0.34+0.01° 0.07+0.002° 0.07+0.001° 0.09+0001° 0.08+0.002° 0.02+0.001°
Cl17:1n-7 6.59+0.12° 3.42+0.08° 0.97 +0.02% 0.12+0.006° 0.14+0.005° 0.15+0.003° 0.14+0.001° 0.05+0.001°
C18:1n9 17.87+0.119 2958+0.87° 58.05+032°  77.80+061° 74.38+0.81° 63.71+0.06° 68.39+0.29° 68.21+0.37°
C20:1n-9  3.29+0.09° 2.95 + 0.06* 0.68+0.01° 0.19+0.001° 0.18+0.002° 0.21+0001° 0.17+0.001° 0.18+0.001°
C22:1n-9  2.60+0.05° 1.38 +0.02° 041+0.001° nd nd nd nd nd
Polyunsaturated (PUFA)

C18:2n-6 1352+0.38°  1941+058° 26.28+0.84°  1443+0.29° 17.19+0.48" 26.80+0.03* 22.44+0.18" 22.88+0.32°
C18:3n-3  4.34+0.09° 4.25+0.11° 1.38+0.03° 0.77+0.01° 0.77+0.01° 1.05+0.004° 0.96+0.005> 0.88+0.01°

C20:2n-6  2.49 +0.05° 1.42 +0.02° 0.38+0.01° nd nd nd nd nd
C20:4n-6  0.80+0.001 0.16 £0.001 nd nd nd nd nd nd
C20:5n-3  1.13+0.003 0.64 £0.001 nd nd nd nd nd nd
C22:2n-6  1.12+0.01 1.71+£0.01 nd nd nd nd nd nd

Each value is a mean + standard deviation (SD) of triplicate analysis results of different samples. Fatty acid: C8:0, caprylic acid; C10:0, carpic acid; C12:0,
dodecanoicacid; C13:0, tridecanoic Acid; C14:0, myristic acid; C15:0, pentadecylic acid; C16:0, palmitic acid; C17:0, margaric acid; C18:0, stearic acid,;
C20:0, arachidic acid; C22:0, behenic acid; C24:0, lignocericacid; C14:1n-5, tetradecenoic acid; C15:1n-5, pentadecenoic acid; C16:1n-7, hexadecenoic
acid; C17:1n-7, heptadecenoic acid; C18:1n-9, oleic acid; C20:1n-9, eicosenoic acid; C22:1n-9, erucic acid; C18:2n-6, linoleic acid; C18:3n-3, o-linolenic
acid; C20:2n-6, eicosadienoic acid; C20:4n-6, arachidonic acid; C20:5n-3, eicosapentanenoic acid (EPA); C22:2n-6,docosadienoic acid

Means with same letters in the same line were not significantly different according to the Turkey’s test at p < 0.05

Nd means not detected

* Data of lipid content was cited from our previous report (Jia et al., 2016)

Supplementary Table 1: Gene-specific primers sequence for detection by RT-qPCR

Unigene No. Enzyme Forward primer (5"-3") Reverse primer (5'-3")

- Actin GCTGAACGGGAAATTGTC AGAGATGGCTGGAAGAGG
comp 61443 c0 ACC(CTa) GATTAGGAAGGTGAAGAAG GCTGTATAGGAGTGAGAT
comp 54534 _c0 ACC(BC) CTTCTGATTCCTCCACTT CACTTTCTCTACCTTTCTC
comp 56179 _c0 MAT CTATCTATGTCACGAGTC GAATCCAGTCCTATTACAC
comp 49975_c0 HAD TACTCAATCACCCTATCC CCACTCTTTCTCAATCTC
comp 59929 c0 KAS Il CGCTCCTTATCAATCTTAG GTATTACAACAGGCTTCTC
comp 59424 c1 SAD ATAGATGAATCCGAGGTAG CCCTTCCAACTTATCAAAC
comp 60218 _c0 FATA GGTTCCATAGTTGTAAGTG AGAGGAGAATAGTAGTAGC
comp 48868_c0 DGAT1 CTGCTGAATGAAGAAGTC GAGAAGACAGGAGACATA
comp 57877_c0 PDAT GTAACTTGGATTGGTCTG CTGCTCATCTCATCATAC
comp 51666 _c0 FAD2 GAAGTAAGAGGTAGCAATG CAACAAGAGTGAAGAACAG

Supplementary Table 2: QC summary of clean data

Sample Raw Reads Clean Reads Clean Bases Error (%) Q20 (%) Q30 (%) GC Content (%)
S31 31772999 30697181 3.07G 0.03 97.62 92.59 45.29
S3. 2 31772999 30697181 3.07G 0.03 98.11 94.28 45.29
S5 1 33234362 31916081 3.19G 0.03 97.52 92.29 46.63
S5 2 33234362 31916081 3.19G 0.03 97.93 93.78 46.64
S6_1 28788445 27898462 2.79G 0.03 97.37 91.68 48.49
S6_2 28788445 27898462 2.79G 0.03 97.95 9351 4851
S8 1 30370513 29218645 2.92G 0.03 97.51 92.37 45.36
S8 2 30370513 29218645 2.92G 0.03 97.98 94 45.37
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Table 2: All-in-one list of functional annotation of the pecan unigenes

Database 73,262 all unigenes
Number of annotation Percent of annotation (%)
Nr 27,935 38.13
Nt 15,120 20.63
Swiss-Prot 18,783 25.63
KOG 9222 12.58
PFAM 19,103 26.07
GO 22,019 30.05
KEGG 7709 10.52
Annotated in at least one database 31,415 4288
Annotated in all databases 2243 3.06
Unknown 41,847 57.12
Supplementary Table 3: Length distribution of assembled transcripts and unigenes
Total > 500 bp > 1000 bp N50  N90  Total length Max length Min length Mean length
Transcripts 132,720 75,245 50,395 1907 427 144,773,395 15,805 201 1091
Unigenes 73,262 27,029 14,412 1299 276 52,669,633 15,805 201 719
S1 Length Distribution
@ 35000
S4
28000
@ 21000 —
-‘g 18971
S7 g B Unigene
= 14000 @ Transcript
7000 -
. . . 0
Fig. 1. Different developmental stages of Carya 301 301500 5011000 1001.2000 +2000

illinoinensis Pawnee. S1 and S2, lipid was accumulated in
low speed; S3, beginning of the fast lipid accumulation
stage; S4 and S5, middle of the fast lipid accumulation
stage; S6, end of the fast lipid accumulation stage; S7,
kernel mature; S8, later stage of kernel maturity. Scale bars
=1.0cm

Analysis of Differentially Expressed Unigenes

To calculate the expression of unigenes, we mapped the
clean reads of each sample to the reference unigenes. In the
four samples, 51,151,550 (83.32%), 54,565,652 (85.48%),
48,009,544 (86.04%) and 49,706,198 (85.06%) were
uniquely mapped to the reference unigenes, respectively.
The Venn diagram shows the distribution of unigenes
among the four samples, in which 21,902 genes were
mutually expressed among all four samples, while 12,265
(S3), 815 (S5), 623 (S6) and 3827 (S8) were expressed only
in one sample, respectively (Supplementary Fig. 2). To
characterize the expression model of DEGs, a heat map was
constructed after H-cluster (Supplementary Fig. 3). Three
different expression patterns appeared, which were the
highest expression level appeared at S3 (green box), S5

995

Length Interval

Supplementary Fig. 1: Length distribution of transcripts
and unigenes

(yellow box), and S6 or S8 (red box). Furthermore,
differentially expressed genes between different samples
were selected and compared. There were 2510 DEGs in
S5, 3086 DEGs in S6 and 3685 DEGs in S8 compared
with S3.

To classify DEGs accurately, KEGG functional
enrichment analysis was performed. The top 20 represented
pathways of both up-regulated and down-regulated were
examined between S5 and S3, S6 and S3, S8 and S3. Both
“Carbon metabolism” and “Glycolysis/Gluconeogenesis”
can be seen among the top 20 up-regulated represented
pathways between S5/S6 and S3, so were “Pyruvate
metabolism”, “Fatty acid biosynthesis” and “Fatty acid
metabolism”, showing their involvement in the early stages
of kernel development. On the contrary, “Biosynthesis of
unsaturated fatty acids” can only be seen in top 20
up-regulated represented pathways between S6/S8 and S3,
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Supplementary Table 4: KEGG classification of lipid metabolic pathways

Pathway Hierarchyl Pathway Hierarchy2 KEGG Pathway Pathway ID Gene Number

Metabolism Lipid metabolism Fatty acid metabolism ko00071 58
Fatty acid biosynthesis ko00061 38
Fatty acid elongation ko00062 34
Biosynthesis of unsaturated fatty acids k001040 35
Linoleic acid metabolism ko00591 23
alpha-Linolenic acid metabolism ko00592 52
Cutin, suberine and wax biosynthesis ko00073 13
Ether lipid metabolism ko00565 33
Glycerolipid metabolism ko00561 65
Glycerophospholipid metabolism ko00564 86
Sphingolipid metabolism ko00600 26
Steroid biosynthesis ko00100 34
Steroid hormone biosynthesis k000140 4
Synthesis and degradation of ketone bodies ko00072 6

Gene Function Classification (GO)

Fig. 2: Functional classification of pecan transcriptome based on gene ontology categorization
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Fig. 3: Distribution of pecan transcriptome genes based on KEGG pathway analysis

while “Fatty acid degradation” can only be found in top metabolic pathway of pecan (Supplementary Table 4). By
20 up-regulated represented pathways between S8 and compare these unigenes with key enzymes of lipid
S3, consistent with the cascade of lipid metabolic metabolic pathways, 26 putative homologs consist of 93

pathway. unigenes were selected to reconstruct a putative pecan lipid
metabolic pathway (Fig. 4). To better understand the
Candidate Genes Involved in Lipid Metabolic Pathway expression pattern of these unigenes, their RPKM values
in different sample stages were then searched manually,
In total, 507 unigenes were annotated implicated in lipid listed in Supplementary Table 5 and marked in Fig. 4.
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Supplementary Table 5: Unigenes involved in lipid biosynthesis in pecan

Gene ID Pathway EC Symbol Definition RPKM value

S3 S5 S6 S8
comp 47818_c0* HIF-1 signaling pathway 1241 PDH(Elw) pyruvate dehydrogenase E1 component subunit alpha 125.99 243.95 220.93 38
comp 49853 _c0  HIF-1 signaling pathway 1241 PDH(Ela) pyruvate dehydrogenase E1 component subunit alpha 78.16 35.25 34.09 4461
comp 41186_c0  HIF-1 signaling pathway 1241 PDH(Elw) pyruvate dehydrogenase E1 component subunit alpha 64.42 30.85 39.16 43.67
comp 56759 _c0  HIF-1 signaling pathway 1241 PDH(EIB) pyruvate dehydrogenase E1 component subunit beta 73.66 45.73 49.11 66.64
comp 15843_c0* HIF-1 signaling pathway 1241 PDH(EIB) pyruvate dehydrogenase E1 component subunit beta 142.54 274.07 103.82 9.03
comp 42458 _c0  HIF-1 signaling pathway 1241 PDH(EIB) pyruvate dehydrogenase E1 component subunit beta 9.07 11.49  10.27 N0%2
comp 47921_c0* Glycolysis / Gluconeogenesis  2.3.1.12 PDH(E2) pyruvate dehydrogenase E2 component 7195 57.44 4878 5123
comp 58490_c0  Glycolysis / Gluconeogenesis  2.3.1.12 PDH(E2) pyruvate dehydrogenase E2 component 4281 35.05 17.49 287
comp 42528 _c0  Glycolysis / Gluconeogenesis 2.3.1.12 PDH(E2) pyruvate dehydrogenase E2 component 47 481 8.69 7.11
comp 51933_c0  Glycolysis / Gluconeogenesis  2.3.1.12 PDH(E2) pyruvate dehydrogenase E2 component 1346  5.84 518 6.13
comp 61443_c0* Fatty acid biosynthesis 6.41.2 ACC(CTa) acetyl-CoA carboxylase, carboxyl transferase subunit alpha 81.54 99.46  89.27 11.14
comp 58593_c0* Fatty acid biosynthesis 6.41.2 ACC(CTa) acetyl-CoA carboxylase carboxyl transferase subunit alpha 17.8
comp 58109_c1  Fatty acid biosynthesis 6.41.2 ACC(CTP) acetyl-CoA carboxylase carboxyl transferase subunit beta 389.24 347.86
comp 182_c0 Fatty acid biosynthesis 6.41.2 ACC(BC) acetyl-CoA carboxylase, biotin carboxylase subunit
comp 485026_c0 Fatty acid biosynthesis 6.41.2 ACC(BC) acetyl-CoA carboxylase, biotin carboxylase subunit
comp 463558 _c0 Fatty acid biosynthesis 6.41.2 ACC(BC) acetyl-CoA carboxylase, biotin carboxylase subunit
comp 54534 _c0* Fatty acid biosynthesis 6.41.2 ACC(BC) acetyl-CoA carboxylase, biotin carboxylase subunit 105.21 130.93 207.33 23.56
comp 53371_c0  Fatty acid biosynthesis 6.4.1.2  ACC(BCCP1) acetyl-CoA carboxylase biotin carboxyl carrier protein 32.12 40.37 46.44 4247
comp 54877_c0* Fatty acid biosynthesis 6.4.1.2  ACC(BCCP2) acetyl-CoA carboxylase biotin carboxyl carrier protein 133.87 196.06 127.87 28.81
comp 21897_c0  Fatty acid biosynthesis 23139 MAT ACP S-malonyltransferase ﬁ
comp 56179_c0* Fatty acid biosynthesis 23139 MAT ACP S-malonyltransferase 59.14 49.73 24.06
comp 58842_c0  Fatty acid biosynthesis 2.3.1.180 KASIII 3-oxoacyl-ACP synthase 111 47.34 70.11 64.5 38.44
comp 41805_c0  Fatty acid biosynthesis 2.3.1.180 KASIII 3-oxoacyl-ACP synthase I11 6.04 6.77 5.07
comp 39121_c0* Fatty acid biosynthesis 42159 HAD 3-hydroxyacyl-ACP dehydratase 3273 125 7.87
comp 49975_c0* Fatty acid biosynthesis 4.2.1.59 HAD 3-hydroxyacyl-ACP dehydratase 70.73 59 34.74
comp 72239 _c0  Fatty acid biosynthesis 1.1.1.100 KAR 3-oxoacyl-ACP reductase 14.37 3.98 16.57
comp 326790_c0 Fatty acid biosynthesis 1.1.1.100 KAR 3-oxoacyl-ACP reductase
comp 51677_c0  Fatty acid biosynthesis 1.1.1.100 KAR 3-oxoacyl-ACP reductase 60.84 22.67 19.4 32.02
comp 49781_c0* Fatty acid biosynthesis 1319 EAR enoyl-ACP reductase | 216.71 118.2 86.4 8.79
comp 48615_c1  Fatty acid biosynthesis 1319 EAR enoyl-ACP reductase | 24.07 19.02 3165 574
comp 56623_c0* Fatty acid biosynthesis 1319 EAR enoyl-ACP reductase | 131.28 263.19 157.12 13.34
comp 42434_cO0  Fatty acid biosynthesis 2.3.1.179 KASII 3-oxoacyl-ACP synthase 11 6.64
comp 631358_c0 Fatty acid biosynthesis 2.3.1.179 KASII 3-oxoacyl-ACP synthase 11
comp 61344 _c0  Fatty acid biosynthesis 2.3.1.179 KASII 3-oxoacyl-ACP synthase 11 13.77  6.45
comp 32074_cO  Fatty acid biosynthesis 2.3.1.179 KASII 3-oxoacyl-ACP synthase 11 10.2° 4.09
comp 49718_c0  Fatty acid biosynthesis 2.3.1.179 KASII 3-oxoacyl-ACP synthase 11 46.36 22.49
comp 59929_c0* Fatty acid biosynthesis 2.3.1.179 KASII 3-oxoacyl-ACP synthase 11 106.44 139.67
comp 50658_c1  Fatty acid biosynthesis 1.14.19.2 SAD acyl-ACP desaturase
comp 56480_c0* Fatty acid biosynthesis 1.14.19.2 SAD acyl-ACP desaturase 153.82 378.25 188.9
comp 59424_c1* Fatty acid biosynthesis 1.14.19.2 SAD acyl-ACP desaturase 42.36
comp 43207_cO  Fatty acid biosynthesis 1.14.19.2 SAD acyl-ACP desaturase 20.36 50.17 162.01 44.87
comp 41892_c0* Fatty acid biosynthesis 1.14.19.2 SAD acyl-ACP desaturase
comp 50658_c0  Fatty acid biosynthesis 1.14.19.2 SAD acyl-ACP desaturase
comp 59516_c0  Fatty acid biosynthesis 3.1.2.14 FATB fatty acyl-ACP thioesterase B 124.93 72.67 78.95 56.87
comp 49891_c0* Fatty acid biosynthesis 3.1.2.14 FATB fatty acyl-ACP thioesterase B 46.18
comp 60218_c0* Fatty acid biosynthesis 3.1.2.14 FATA fatty acyl-ACP thioesterase A 77.68 117.06 122.33 28.3
comp 42537_c1  Fatty acid metabolism 6.2.1.3 LACS long-chain acyl-CoA synthetase 11.95/11.99 6.66/ 318
comp 54479_c0* Fatty acid metabolism 6.2.1.3 LACS long-chain acyl-CoA synthetase 29.88 53.39 4412 11.14
comp 32684_c0  Fatty acid metabolism 6.2.1.3 LACS long-chain acyl-CoA synthetase 1854 7.11 434 2278
comp 51471_c0* Fatty acid metabolism 6.2.1.3 LACS long-chain acyl-CoA synthetase 15.38 13.33
comp 61675_c0* Fatty acid metabolism 6.21.3 LACS long-chain acyl-CoA synthetase 3867 451 50.29/387
comp 61249 _c0* Fatty acid metabolism 6.2.1.3 LACS long-chain acyl-CoA synthetase 12.91 18.76
comp 55999_c0* Fatty acid metabolism 6.2.1.3 LACS long-chain acyl-CoA synthetase 2319 18.7 20.71 137.97
comp 60061_c0* Fatty acid metabolism 6.2.1.3 LACS long-chain acyl-CoA synthetase 27.55 52 5.03 67.55
comp 57223_c0* Fatty acid metabolism 6.2.1.3 LACS long-chain acyl-CoA synthetase 4728 12.05 18.07 9.4
comp 69222_c0  Fatty acid metabolism 6.2.1.3 LACS long-chain acyl-CoA synthetase 2222  7.05 427 791
comp 26590_c0  Glycerolipid metabolism 23115 GPAT glycerol-3-phosphate acyltransferase 4.68
comp 57219 _c0  Glycerolipid metabolism 23115 GPAT glycerol-3-phosphate acyltransferase 12.6
comp 19365_c0* Glycerolipid metabolism 23115 GPAT glycerol-3-phosphate acyltransferase 97.48 30.93 22.86 290.68
comp 55994_c0* Glycerolipid metabolism 23115 GPAT glycerol-3-phosphate acyltransferase 141342 359.22 230.88
comp 42663_c0  Glycerophospholipid metabolism 2.3.1.51 LPAAT 1-acyl-sn-glycerol-3-phosphate acyltransferase 6.19 429 8.31
comp 61557_c1  Glycerophospholipid metabolism 2.3.1.51 LPAAT 1-acyl-sn-glycerol-3-phosphate acyltransferase
comp 40387_c0* Glycerophospholipid metabolism 2.3.1.51 LPAAT 1-acyl-sn-glycerol-3-phosphate acyltransferase 2152 34.96 7455 35.68
comp 58091 _cO  Glycerophospholipid metabolism 2.3.1.51 LPAAT 1-acyl-sn-glycerol-3-phosphate acyltransferase 6.72 639 315
comp 58656_c0  Glycerophospholipid metabolism 2.3.1.51 LPAAT 1-acyl-sn-glycerol-3-phosphate acyltransferase 5.02 9.08 848
comp 42160_c0* Glycerophospholipid metabolism 2.3.1.51 LPAAT 1-acyl-sn-glycerol-3-phosphate acyltransferase 65.99 100.63 100.01 18.22
comp 46533_c1  Glycerolipid metabolism 3134 PAP phosphatidate phosphatase LPIN 742 576 4.59 51
comp 62062_c0  Glycerolipid metabolism 3134 PAP phosphatidate phosphatase LPIN 17.6 12.86 8.18 7.03
comp 23132_c0  Glycerolipid metabolism 3134 PAP phosphatidate phosphatase LPIN
comp 47480_cl  Glycerolipid metabolism 3134 PAP phosphatidate phosphatase LPIN 29.32 1389 17.25 17.14
comp 58537_c0* Glycerolipid metabolism 3134 PAP phosphatidate phosphatase LPIN 773 4175 535
comp 48868_c0* Glycerolipid metabolism 2.3.1.20 DGAT1 diacylglycerol O-acyltransferase 1 426 19.24 13.1 11.48
comp 39618 _c0  Glycerolipid metabolism 23120 DGAT1 diacylglycerol O-acyltransferase 1
comp 278924 c0 Glycerolipid metabolism 2.3.1.20 DGAT1 diacylglycerol O-acyltransferase 1 4.58

Supplementary Table 5: Continued
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Supplementary Table 5: Continued

comp 48830_c0  Glycerolipid metabolism 2.3.1.75 DGAT2 diacylglycerol O-acyltransferase 2 20.04 14.6 8.41 33.58
comp 43859_c0  Glycerolipid metabolism 2.3.1.158 PDAT phospholipid:diacylglycerol acyltransferase 6.42
comp 60363_c0  Glycerolipid metabolism 2.3.1.158 PDAT phospholipid:diacylglycerol acyltransferase 11.09 5.84 9.37 6.94

comp 49015_c0*  Glycerolipid metabolism 2.3.1.158 PDAT phospholipid:diacylglycerol acyltransferase 16.45 10.34
comp 34196_c0  Glycerolipid metabolism 2.3.1.158 PDAT phospholipid:diacylglycerol acyltransferase 5.2

comp 57877_c0* Glycerolipid metabolism 2.3.1.158 PDAT phospholipid:diacylglycerol acyltransferase 38.72 78.76 33.72
comp 194253 c0 Glycerolipid metabolism 2.3.1.158 PDAT phospholipid:diacylglycerol acyltransferase

comp 59185_c1* Glycerophospholipid metabolism 2782 CPT ethanolaminephosphotransferase 31.87 9.93 4.55 9.07
comp 56578_c0  Biosynthesis of unsaturated fatty acids 1.14.19.- FAD6 omega-6 fatty acid desaturase (delta-12 desaturase) 12.16  16.38 6.9

comp 1090332_c0 Biosynthesis of unsaturated fatty acids 1.14.19.- FAD2 omega-6 fatty acid desaturase (delta-12 desaturase)
comp 61050_c1* Biosynthesis of unsaturated fatty acids 1.14.19.- FAD2 omega-6 fatty acid desaturase (delta-12 desaturase)
comp 51666_c0* Biosynthesis of unsaturated fatty acids 1.14.19.- FAD2 omega-6 fatty acid desaturase (delta-12 desaturase)
comp 47537_c0  Biosynthesis of unsaturated fatty acids 1.14.19.- FAD8 omega-3 fatty acid desaturase (delta-15 desaturase)
comp 33955_c0  Biosynthesis of unsaturated fatty acids 1.14.19.- FAD8 omega-3 fatty acid desaturase (delta-15 desaturase)

comp 40895_c0* Biosynthesis of unsaturated fatty acids 1.14.19.- FAD8 omega-3 fatty acid desaturase (delta-15 desaturase) . 57.47 16.49 17.71
comp 53307_c0* Biosynthesis of unsaturated fatty acids 1.14.19.- FAD8 omega-3 fatty acid desaturase (delta-15 desaturase) 23.42  12.47 18.74

comp 57633_c0  Glycerophospholipid metabolism 2.3.1.23 LPCAT lysophosphatidylcholine acyltransferase 21.56 b 28.58
comp 60595_c0* Glycerophospholipid metabolism 2.3.1.23 LPCAT lysophosphatidylcholine acyltransferase 23.65 ’ 8.33
comp 52387_c0* Glycerophospholipid metabolism 2.3.1.23 LPCAT lysophosphatidylcholine acyltransferase d 25.6

Asterisk (*) means DEGs of S5, S6 and S8 compared with S3 involved in lipid metabolic pathway
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Fig. 4: Reconstruction of the lipid metabolic pathway in pecan. The basic structure of pecan lipid metabolic pathway was
constructed using RNA-seq result and referenced from previous report of oil palm (Dussert et al., 2013). Numbers in
parenthesis represent the number of unigenes. Fatty acids are abbreviated: 8:0, octanoic acid; 16:0, palmitic acid; 18:0,
stearic acid; 18:1, oleic acid; 18:2, linoleic acid; 18:3 linolenic acid. Enzyme/protein abbreviations are as follows: PDH
(Ela), pyruvate dehydrogenase E1 component subunit alpha; PDH (E1p), pyruvate dehydrogenase E1 component subunit
beta; PDH (E2), pyruvate dehydrogenase E2 component (dihydrolipoamideacetyl transferase); ACC (CTa), acetyl-CoA
carboxylase carboxyl transferase subunit alpha; ACC (CTp), acetyl-CoA carboxylase carboxyl transferase subunit beta;
ACC (BC), acetyl-CoA carboxylase, biotin carboxylase subunit; ACC (BCCP), acetyl-CoA carboxylase biotin carboxyl
carrier protein; MAT, [acyl-carrier-protein] S-malonyltransferase, KAS Ill, 3-oxoacyl-[acyl-carrier-protein] synthase IlI;
HAD, 3-hydroxyacyl-[acyl-carrier-protein] dehydratase; KAR, 3-oxoacyl-[acyl-carrier protein] reductase; EAR,
enoyl-[acyl-carrier protein] reductase I; KAS I, 3-oxoacyl-[acyl-carrier-protein] synthase II; SAD, stearoyl-ACP desaturase
(delta-9 desaturase); FATB, fatty acyl-ACP thioesterase B; FATA, fatty acyl-ACP thioesterase A; LACS, long-chain
acyl-CoA synthetase; GPAT, glycerol-3-phosphate acyltransferase; LPAAT, 1-acyl-sn-glycerol-3-phosphate acyltransferase;
PAP, phosphatidate phosphatase; DGAT1, diacylglycerol O-acyltransferase 1; DGAT2, diacylglycerol O-acyltransferase 2;
PDAT, phospholipid:diacylglycerolacyltransferase; CPT, ethanolaminephosphotransferase; FAD2/6, omega-6 fatty acid
desaturase (delta-12 desaturase); FAD8, omega-3 fatty acid desaturase (delta-15 desaturase); LPCAT,
lysophosphatidylcholineacyltransferase/lyso-PAF acetyltransferase. Colored bars represent the maximum RPKM values of
unigene homologs
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The expression levels of these unigenes were then
analysis combined with the lipid content and fatty acid
composition result to find key candidate genes involved
in lipid metabolism.

The expressions of unigenes encoding different
enzymes were significantly different, which showed the
diversity of enzyme activities. Four enzymes were
significantly active during kernel development according
to their related unigenes showed extremely high
expressions over 500 (RPKM value). These four
enzymes were the acetyl-CoA carboxylase carboxyl
transferase subunit beta (ACC (CTB)), SAD, FAD2, and
GPAT.

Nine unigenes were found to encode the plastidial
ACCase, of which five were highly expressed during S3 to
S5. Sixteen unigenes were found encoding the FAS,
including KASIII (2), HAD (2), KAR (3), EAR (3) and
KASII (6), respectively. Five unigenes were found to
encode SAD, among which comp59424 c1 and
comp56480_c0 were found to express at an extremely high
level of 807.05 and 71845 (RPKM value) at S5,
respectively. Unigene comp60218_c0 was annotated as the
fatty acyl-ACP thioesterase A (FATA), while unigenes
comp59516 _c0 and comp49891 cO were annotated as the
fatty acyl-ACP thioesterase B (FATB). The highest
expression level of comp60218 cO appeared at S6, while
comp59516 cO appeared at S3. Different expression
patterns of these unigenes were consistent with the fact that
FATA is active to 18:0- and 18:1-ACP, while FATB is
more active t08:0- to 16:0-ACP. Four unigenes were
founded to encoding GPAT. Three unigenes were
annotated as the FAD2, one unigene was annotated as
FADSG, and four unigenes were annotated as the omega-3
fatty acid desaturase (FADS8). In addition, 6 unigenes
were identified to encode PDAT, 3 unigenes encoded the
diacylglycerol O-acyltransferase 1 (DGAT1), and 1
unigenes encoded the diacylglycerol O-acyltransferase 2
(DGAT?2), catalyzed the final step of lipid synthesis, the
acylation of the sn-3 position of diacylglycerol (DAG) to
form TAG.

To confirm the transcriptome result, 10 DEGs
related to lipid metabolism were selected randomly for
RT-gPCR analysis. All these DEGs were first highly and
then low expressed, similar to the pattern observed from
the sequencing data (Supplementary Fig. 4). The
RT-qgPCR result confirmed the validity of the
transcriptome data.

Transcription Factors in Pecan

A total of 1605 TFs from 79 TF families were identified
in this study (Supplementary Table 6). Largest number
of unigenes (125) was found in MYB family. By
compared with S3, differentially expressed transcription
factors (DETFs) from 47 TF families were found (Table
3). Among the up-regulated DETF families, 4 unigenes
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Table 3: Differentially expressed transcription factors of
different stages compared with S3

TF family Annotated S5up S6up S8up S5 S6 S8
number down down down

MYB 125 1 1 7 14 14 9
AP2-EREBP 110 2 3 1 1 1 0
C2H2 75 3 3 1 2 2 0
NAC 72 0 1 2 4 3 2
C3H 66 0 1 1 0 1 0
bHLH 64 1 1 1 1 1 1
Orphans 58 1 1 4 4 4 5
HB 53 0 1 4 3 2 1
WRKY 53 0 0 6 10 6 6
bzIP 49 1 1 1 0 1 1
GRAS 45 0 0 1 3 3 4
AUX/IAA 38 1 0 0 0 0 0
SNF2 36 0 0 0 1 1 0
CCAAT 32 0 2 1 0 1 0
SET 32 0 1 1 2 1 0
Trihelix 31 2 1 2 5 3 2
PHD 30 0 0 0 2 1 0
G2-like 28 0 0 1 0 0 0
MTERF 28 0 0 1 0 0 0
C2C2-Dof 27 0 0 0 1 1 1
GNAT 26 0 0 1 0 0 1
SBP 25 0 0 0 1 2 1
MADS 23 0 0 1 2 6 5
TCP 22 0 0 0 3 4 1
TRAF 22 0 0 0 0 0 1
HSF 20 1 1 3 1 1 1
LOB 20 1 2 4 1 0 1
ARF 19 1 1 0 0 0 0
OFP 18 0 0 0 1 0 0
SWI/SNF-BAF60b 16 0 0 0 0 0 1
HMG 14 0 0 0 1 1 2
TUB 14 0 0 0 0 0 1
FHA 13 1 1 0 0 0 0
Jumonji 13 0 1 0 0 0 0
PLATZ 12 0 0 2 0 2 1
Tify 12 0 0 0 0 2 3
zf-HD 12 1 1 2 1 1 1
SRS 7 0 0 0 1 1 1
GRF 6 1 1 1 0 0 1
TAZ 5 0 0 0 1 0 0
LIM 4 0 0 0 1 1 1
S1Fa-like 4 0 0 0 0 1 0
Sigma70-like 4 0 0 0 1 0 0
EIL 3 0 0 1 0 0 0
Pseudo ARR-B 3 0 0 0 1 0 0
MBF1 2 0 1 1 0 0 0
DBP 1 0 0 0 0 0 1
Total number 1605 18 26 51 69 68 55

S5 up, S6 up and S8 up, up-regulated transcription factors compared with
S3; S5down, S6down and S8 down, down-regulated transcription factors
compared with S3

(comp14933 c0, compl4933 cl, compl7377_cO,
comp38191 c0) were annotated as AP2-EREP TFs, one
unigene (comp34572_c0) was annotated as ARF TF, 3
unigenes (comp41771_cO, comp52398 c1,
comp33064_c0) were annotated as bZIP TFs, and one
unigene (comp52364 c0) was annotated as C3H TF.
Among the down-regulated DETF families, the
largest number of unigenes was also found in MYB
family.
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Supplementary Table 6: Distribution of transcription
factors

Category Total  Category Total  Category Total
number number number

MYB 125 LOB 20 SWI/SNF-SWI3 4
AP2-REBP 110 HSF 20 Sigma70-like 4
C2H2 75 C2C2-GATA 20 S1Fa-like 4
NAC 72 ARF 19 RWP-RK 4
C3H 66 OFP 18 LIM 4
bHLH 64 SWI/SNF-BAF60b 16 GeBP 4
Orphans 58 TUB 14 CPP 4
WRKY 53 HMG 14 CAMTA 4
HB 53 Jumoniji 13 Pseudo ARR-B 3
FAR1 53 FHA 13 PBF-2-like 3
bzIP 49 zf-HD 12 EIL 3
GRAS 45 Tify 12 C2C2-CO-like 3
AUX/IAA 38 PLATZ 12 VOz 2
SNF2 36 E2F-DP 10 SOH1 2
SET 32 ARID 10 Rcd1-like 2
CCAAT 32 BSD 8 MBF1 2
Trihelix 31 SRS 7 CSD 2
PHD 30 IWS1 7 Coactivator p15 2
mMTERF 28 DDT 7 ULT 1
G2-like 28 BES1 7 SAP 1
C2C2-Dof 27 GRF 6 RB 1
GNAT 26 BBR/BPC 6 MED7 1
SBP 25 ARR-B 6 MEDG6 1
MADS 23 TAZ 5 HRT 1
TRAF 22 LUG 5 DBP 1
TCP 22 C2C2-YABBY 5 Total number 1605
ABI3VP1 22 Alfin-like 5

S6 S8

S3 623 3827 S5
2624 1 1041
12265 3889 756 815
21902
11597 541
4793 2248
3486

Supplementary Fig. 2: Venn diagrams of DEGs among
four samples

Discussion
Fatty Acid Accumulation

The fatty acid types in the early stages of pecan kernel were
clearly abundant than the mature stage. This may be
explained by the fact that these abundant medium-chain
fatty acids were synthesis precursors of long-chain fatty
acids such as oleic acid, so they were further assembled into

1000

Cluster analysis of differentially expressed genes
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Supplementary Fig. 3: Hierarchical cluster analysis of
DEGs. Colors of the bars represented expression levels, red
represented a high expression level and blue represented a
low expression level. Colors from red to blue indicated the
value of log10 (RPKM+1) from low to high. Colors of the
boxes represented different expression patterns, green
represented the highest expression level appeared at S3,
yellow at S5, and red at S6 or S8

downstream products along with the ripen of pecan
kernel. The fatty acid compositions of our research were
consistent with previous report (Bouali et al., 2013); the
difference was our sampling time was 20 d earlier than in
the previous report, which is at the beginning of water stage
of the pecan kernel.

Carbohydrate Metabolism during Kernel Development

The precursor of lipid biosynthesis is acetyl-CoA, which
is transformed from pyruvate. It is reported that pyruvate
is formed from carbohydrate which is exported from
photosynthetic organs. The carbohydrate is then
glycolysised (Baud and Lepiniec, 2009). In pecan kernel,
soluble sugar content was high at first and showed an
obvious decrease along with the kernel development,
while the lipid content was low at the beginning and rise
quickly then (Jia et al., 2016). In this study, Carbohydrate
metabolism was the top annotated pathway within
“Metabolism” catalog in KEGG database. Carbon
metabolism and Glycolysis/Gluconeogenesis were the
top up-regulated represented KEGG pathways between
S5 and S3. These results showed that carbohydrate
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Supplementary Fig. 4: RT-gPCR analyses of DEGs involved in lipid synthesis of pecan. Relative expression values
normalized to actin are shown as 2" relative to S3. Error bars represent the SD of three biological replicates with three

technical replicates each

metabolism was very active during the kernel development
and was highly involved in the lipid metabolism, especially
at the beginning of the fatty acid synthesis.

Activity of SAD Enzyme during Synthesis of Oleic Acid

Two unigenes encoding SAD expressed at high levels
showing the important role of SAD in fatty acid
biosynthesis in pecan (Fig. 4). SAD catalyzes the transform
of C18:0 to C18:1. The activity of SAD decided the ratios of
saturated fatty acids (SFAs) to MUFAs. Studies on the
Arabidopsis thaliana genome showed that there are seven
isoforms encoding SAD like enzyme, including ssi2/fab2,
DES1 to DES6 (Kachroo et al., 2007). The SAD encoding
genes had been characterized from several different species
(Shanklin and Somerville, 1991; Cahoon et al., 1998;
Whittle et al., 2005). In this study, 6 unigenes were
annotated as DES1, in which three showed high expression
levels while the rest showed low expression levels. We
could deduce that temporal specificities and functional
differences existed among these isoforms. The expression
levels of genes for SAD were consistent with the high oleic
acid content in pecan kernel. SAD was highly expressed in
pecan kernel, indicating its vital role involved in oleic acid
biosynthesis. The highest express level of SAD in the
RT-gPCR confirmed this hypothesis.

FAD Gene Family Involved in Final UFAs Ratio

Desaturation determines the final proportion of UFAS in
plant. Studies on the Arabidopsis thaliana mutants showed
that there are five genetic loci act at C18 fatty acids, in
which FAD2 and FAD6 encoded omega-6 fatty acid
desaturase, while FAD3, FAD7 and FADS8 encoded

omega-3 fatty acid desaturase (Ohlrogge and Browse, 1995).

Suppress the expression of FAD2 can led to high levels of
oleic acid in rapeseed (Auld et al., 1992), peanut (Bruner et
al., 2001), soybean (Buhr et al., 2002), and cotton seed
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(Liu et al., 2002). Overexpress the A. thaliana FAD3 gene
can increase the a-linolenic acid content to more than 50%
of the total oil (Yadav et al., 1993). The expression levels of
genes for desaturases were consistent with the ratio of UFAs.
FAD2 and FAD3 were expressed at similar levels in sea
buckthorn, which had an n-6: n-3 fatty acid ratio of 1:1
(Yang and Kallio, 2001). The FAD8 gene was highly
expressed in tree peony (Li et al., 2015), perilla and Sacha
Inchi seed (Wang et al., 2012), in which the content of
linolenic acid exceeded 50%. In our study, unigenes
encoding FAD2 expressed much higher than that of FADS,
which was consistent with the high linoleic acid and low
linolenic acid content in pecan kernel. The expression
patterns of unigenes encoding FAD2 and FADS8 play
important roles in the formation of the polyunsaturated fatty
acids ratio in pecan. High FAD2 enzymes activity led to the
relatively high linoleic acid content in pecan kernel.

Rate-limiting Steps of Lipid Metabolism in Pecan

ACCase is another key enzyme. It is the first rate-limiting
step in fatty acid synthesis and is subject to feedback
inhibition by oleic acid (Shintani and Ohlrogge, 1995;
Kozaki et al., 2001; Andre et al., 2012). Attempts to
up-regulate fatty acid synthesis by manipulating signal
subunits of ACCase yielded complex results. Increasing
biotin carboxylase in tobacco leaves had little effect
(Shintani et al., 1997), and overexpression of ACC (BCCP)
decreased fatty acid synthesis in Arabidopsis thaliana
(Thelen and Ohlrogge, 2002). Furthermore, the introduction
of ACCase into rapeseed seed increased ACCase activity
but had no effect on seed lipids (Roesler et al., 1997). In our
experiment, several homolog unigenes encoding this
enzyme expressed at relatively high levels showed its
important roles in pecan kernels which contained high lipid
content (Fig. 4). Unigenes encoding ACC (CTa), ACC
(BCCP), and ACC (BC) had different expression levels at
different stages. ACC (BCCP) tends to be the main active
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subunit at the beginning of fatty acid biosynthesis, and
subunit ACC (BC) tends to be the main active subunit at the
end of fatty acid synthesis due to the altered expression
pattern. This result was in agreement with previous reports
and validated the complex regulation pattern of heteromeric
ACCase (Shintani et al., 1997; Thelen and Ohlrogge, 2002;
Andre et al., 2012).

Unigene encoding GPAT had the highest expression
level among all searched unigenes showed its activation
among the lipid metabolic pathway in pecan (Fig. 4). GPAT
is reported as another key enzyme of TAG biosynthesis in
oil crops (Murata and Tasaka, 1997). Genes encoding
GPAT had been cloned from Arabidopsis thaliana and
several other plants (Weber et al., 1991; Johnson et al., 1992;
Nishida et al., 1993). In Brassica napus, GPAT4 were
founded essential for the normal development and oil
accumulation of seed (Chen et al., 2014). In this study, high
expression levels were found of GPAT encoding unigenes
showing the associated important roles of GPAT in pecan
lipid metabolism.

The final step of fatty acid synthesis can be performed
through two different routes catalyzed by DGAT (acyl-CoA
dependent pathway) and/or PDAT and DGTA (acyl-CoA
independent pathway) (Ohlrogge and Browse, 1995). This
step is considered to be another rate-limiting step.
Over-expression of AtDGAT cDNA enhanced oil
deposition in wild-type A. thaliana (Jako et al., 2001). Both
DGAT and PDAT were found in yeast (Oelkers et al., 2002),
castor seeds, Crepis palaestina (Dahlqvist et al., 2000), tree
peony seed oil (Li et al., 2015), and Brassica napus (Chen
et al,, 2015). Plants contain two very distinct families of
DGAT genes. In our experiment, unigenes encoding both
DGAT1 and DGAT2 were identified. Unigenes encoding
PDAT were also found, but DGTA were absent. These
results implied that both these two routes actively facilitated
the incorporation of fatty acids into TAG in pecan kernel.

Transcription Factors in Pecan

Studies had proved that the lipid metabolism is regulated at
the transcription level (Baud and Lepiniec, 2010). It is
reported that many TFs were related to this process, such as
ABI3, LEC1, LEC2, WRI1, FUS3, bzIP, AGL15,
AP2-EREP, ARF, C3H, MYB118 and MYB115
(Santos-Mendoza et al., 2008; Baud and Lepiniec, 2009;
Baud and Lepiniec, 2010). In this study, unigenes encoding
TFs families of AP2-EREP, ARF, C3H, bZIP, MYB were
found. The WRI1 of AP2-EREBP family was found
regulating the fatty acid metabolic pathway in the
Arabidopsis (To et al., 2012; Marchive et al., 2014). The
bZIP can activate FAD3 expression in Arabidopsis seed
(Mendes et al., 2013). These two TFs, together with ARF,
and C3H were all have positive regulation effect on fatty
acid synthesis in plant. DETFs of these four TF families
founded in our experiment might play important roles in
lipid synthesis and accumulation in pecan kernel.
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Homolog genes in MYB TF family were regarded to
have negative control effect on the lipid synthesis (Li et
al., 2017). In this study, 17 down-regulated unigenes were
annotated to the MYB family, which might play important
roles in the negative transcriptional regulations to the lipid
metabolism in pecan.

Conclusion

Using transcriptomic sequencing, we obtained 73,262
assembled unigenes. A putative pecan lipid metabolic
pathway was reconstructed. Several enzymes play vital roles
in pecan lipid formation; such as SAD is the key enzyme
play important roles in the formation of high levels of oleic
acid, relatively high linoleic acid content was contributed to
the high expression levels of FAD2 in pecan. Several
enzymes controlled the rate-limiting steps in pecan lipid
metabolism, including ACCase, GPAT, DGAT, and PDAT.
We obtained a large transcriptome database that can be used
for future research of seed development of pecan and related
breeding programs.
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