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Abstract

The pecan nut is a nutrient rich part of a healthy diet full of beneficial fatty acids and
antioxidants, but can also cause allergic reactions in people suffering from food allergy to the
nuts. The transcriptome of a developing pecan nut was characterized to identify the gene
expression occurring during the process of nut development and to highlight those genes
involved in fatty acid metabolism and those that commonly act as food allergens. Pecan samples
were collected at several time points during the embryo development process including the
water, gel, dough, and mature nut stages. Library preparation and sequencing was performed
using [llumina based mRNA HiSeq with RNA from 4 time points during the growing season
during August and September 2012. Sequence analysis with Trinotate software following the
Trinity protocol identified 133,000 unigenes with 52,267 named transcripts and 45,882 annotated
genes. A total of 27,312 genes were defined by GO annotation. Gene expression clustering
analysis identified 12 different gene expression profiles, each containing a number of genes.
Three pecan seed storage proteins that commonly act as allergens, Cari 1, 2, and 4 were
significantly upregulated during the time course. Upregulated fatty acid metabolism genes that
were identified included acyl-[ACP] desaturase and omega-6 desaturase genes involved in oleic
and linoleic acid metabolism. Notably, a few of the upregulated acyl-[ACP] desaturase and
omega-6 desaturase genes that were identified have expression patterns similar to the allergen
genes based upon gene expression clustering and qPCR analysis. These findings suggest the

possibility of coordinated accumulation of lipids and allergens during pecan nut embryogenesis.
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Introduction

Pecan (Carya illinoinensis) species are native to North America and are an important agricultural
crop in the US. The US leads the world in pecan nut production accounting for approximately
80% of total production with an estimated value for the 2011 US crop at close to $700 million .
Pecan nuts are valued for their nutritional characteristics providing protein and unsaturated fats,
as well as their enjoyable sensory qualities. Nuts contain high levels of antioxidants that are
beneficial to health %, and pecan’s have been shown to contain very high levels of antioxidants 3
Since 1980, Americans have consumed roughly half a pound of pecans per year *. Pecan nut and
other tree nut consumption have been associated with several health benefits including improved

serum lipid profile >°.

Unfortunately, while increased pecan nut consumption provides health benefits to most of the US
population, a small but apparently increasing percentage suffers from tree nut allergies. The
frequency of childhood tree nut allergy has steadily risen over the past decade °, and tree nut
allergies are rarely outgrown . There are 3 seed storage proteins that commonly act as tree nut
and peanut allergens, 2S albumins, 7S vicilins, and 11S legumins ®. In pecan nuts this includes
the 2S albumin Cari 1 9, the 11S legumin Car i 4 10, and Car i 2 the 7S vicilin ' 2. How tree
nuts regulate allergen gene expression and accumulation within developing nuts is not well

understood.

Pecan and other nuts are good sources of healthy fats, and pecans are composed of 62-89% lipid

13-4 pecan oil is high in oleic and linoleic unsaturated fats and is only about 5-10% saturated fat

1314 However, there is evidence that dietary lipids such as those founds in pecans and other tree
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nuts may act as adjuvants for allergic sensitization to seed storage proteins found in nuts "°. For
example, the Brazil nut 2S albumin required the presence of Brazil nut lipids to induce antibody
response in mice ' '”. Further, the major mustard and peanut allergens, Sina 1 and Arah 1,
have recently been shown to associate with phosphatidylglycerol, and this interaction has several
effects including protecting the proteins from gastric, intestinal, and endolysosomal digestion,
modifying their uptake by dendritic cells, and modulating cytokine production '®. When and
how fatty acids and nut allergens accumulate during kernel development likely depends upon the
coordinated expression of genes that respond to nutritional and environmental factors that may

influence the process.

Fatty acids perform multiple functions in plants including serving as an important source of
energy reserves, essential membrane components, signaling molecules, and can play roles in

plant defense ' *°

. Fatty acid synthesis is well characterized involving many enzymes including
B-ketoacyl-ACP synthase III enzyme (GO:0033818) *""*, Beta-ketoacyl-CoA synthase I
(GO:0004315) and II (GO:0033817), stearoyl-ACP desaturase (GO:0045300), and Acyl-ACP
thioesterase enzymes (GO:0016297). There are likely multiple isoforms for each of the enzymes
involved in fatty acid metabolism in a given organism, and the regulated expression of the genes

. . . . . . 2326
encoding these enzymes continues to be an area of intense investigation .

Underlying pecan nut development and the accumulation of allergens and fatty acids is a well-
orchestrated set of genetic factors that integrate environmental cues, nutritional state, and plant
stress. Real-time quantitative PCR has demonstrated that pecan allergen gene expression in

developing ‘Sumner’ and ‘Desirable’ pecan cultivars peaks in September, and then declines
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gradually as nut maturation progresses >’. To further characterize pecan nut development at the
molecular level, gene expression in the internal cavity of the pecan kernel during development
was analyzed by RNA transcriptome sequencing. The timing of allergen and fatty acid
metabolism genes was highlighted to elucidate the relationship between allergen and fatty acid

accumulation in developing pecan nuts.

Materials and Methods
Pecan Nut Samples

Nut samples (n = 10-20) were collected based on morphology from the same individual
‘Sumner’ or ‘Desirable’ trees at the Louisiana State University Pecan Research Station in
Shreveport, LA at various dates from August through October of 2012. Each tree received
standard agronomic practices 2 Nuts were collected at “late water” stage (August 11, 17), “gel
stage” (August 23, 29), “dough stage” (September 4, 10), and “mature nut” (September 20,
October 2). All samples were frozen immediately in liquid nitrogen and stored at —80°C for later
chemical analysis. Tissue samples, either liquid, gel, or kernel depending upon the time point,
were collected from the internal nut cavity for RNA isolation. The nut cavity tissues in this
collection included the contents of the central vacuole, endosperm, embryo, placenta, seed coat,
ovary packing tissue, developing fruit, and the cotyledon lobes as depicted by McKay *°.
Structural components of the nut such as the hull, shell, and middle septum were not included in
this analysis.
Proximate Analysis of Developing Pecan Nut Tissue

Proximate analysis of pecan nut samples for moisture, ash, and lipid content was

performed using a single biological replicate for each individual time point from each cultivar,
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and in some cases was not able to be performed due to the relatively minute amount and
immature nature of the samples. Moisture content of developing pecan nut samples was
determined by weight prior to and after drying for 5 days in a Virtis Freezemobile 12ES Freeze
Dryer. Ash content was evaluated using between 0.5 to 2 grams of pecan nut sample. The
samples were placed into a Lindberg/Blue muffle oven for 4 hours at 550 °C, removed from the
oven and cooled for 20 minutes in a desiccator, and weighed again to determine mineral content.
Lipid extractions were performed on freeze-dried sample using a Thermo Scientific Dionex ASE
350 Accelerated Solvent Extractor. Using optimized conditions, approximately 2 grams of
developing pecan nut material was ground into fine particles with dry ice. The sample was mixed
with 4.8 grams of diatomaceous earth (DE, Thermo Scientific) and placed into a 34 ml ASE 350
cell. When needed, a small amount of sand was placed on the top to fill the cell completely.
Lipid extraction was performed with methylene chloride at 100 °C, 1500 psi, 2 min pre-heat, 5
min heat, 2 min static times, 60% flush volume, and 90 sec purge, and using the solvent
saver/pressure mode. The extraction was repeated into separate 60 ml collection vials to obtain
an extraction efficiency of 99%. A RapidVAP Vacuum Evaporation System (Labconco)
operated at 35 °C, vortex speed at 30%, and vacuum at 300 mBar for 60 minutes was used to
evaporate methylene chloride from the extracted lipids. Solvent evaporation was repeated until
the mass of the oil was stable and no methylene chloride remained. Protein content
determination was performed on a LECO FP628 using 0.15 grams of sample, in triplicate with
standard deviations indicated in Table 1. Protein percent was calculated using the formula N (%)
x5.32 5.

Fatty Acid Analysis
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Extracted oil samples (1 mg) were weighed into a 1.5 ml vial and mixed with 1 ml ethyl
ether (dried over sodium metal), 20 pl methyl acetate, and 40 pl 0.5 M sodium methoxide (in
methanol). The solution was mixed and after 5 min, the reaction was quenched with the addition
of 30 pl saturated oxalic acid/ether. The white precipitate was removed by centrifugation and the
supernatant, with 100 pl ether rinse of the pellet, was dried by nitrogen. The residue was
dissolved in 500 pl hexane with sonication and centrifuged to remove additional precipitate. The
supernatant was analyzed by GC-MS using an Agilent 6890 GC, 5973 MS and Gerstel MACH
(Agilent LTM) fast GC adaptation, using an HP-88 LTM column (30m x 0.18mm, 0.18um;
Agilent). The column heat gradient was 50 °C (1 min hold) to 140 °C at 25 °C/min, followed by
a 4 °C/min gradient to 177 °C and a 2 °C/min gradient to 210 °C (1.65 min hold). To produce a
1 ml/min helium flow rate, a pressure ramp program was set up as 29.2 psi (1 min hold) to 39.3
psi at 2.81 psi/min, followed by a 0.44 psi/min gradient to 43.4 psi and a 0.22 psi/min gradient to
47.1 psi (1.65 min hold).The inlet was set to a 50:1 split at 220 °C, using an insert with glass
wool (Agilent 5062-3587). The GC oven and MS transfer were set at 250 °C. A 5 ul syringe
was used in a 7683 autosampler. A mass range of 35-500 m/z was acquired. A certified Supelco
37-component FAME mix (C4-C24) (Sigma-Aldrich-CRM47885) was used to generate standard
curves for all FAMEs. A 1 ul injection was used for each sample analyzed by GC-MS.

Total RNA Isolation

For each RNA sample generated for sequencing or quantitative PCR, tissue from 4 to 5
nuts was combined for each biological replication, with a total of 3 biological replications per
time-point and cultivar. Frozen pecan nut cavity tissues were ground to a fine powder using a
mortar and pestle and liquid nitrogen. Total RNA was isolated from pecan nut cavity tissues

using a protocol specifically developed for pine needles and other recalcitrant plant materials *°

ACS Paragon Plus Environment
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with the following modifications. The amount of ground nut cavity tissue was 100 mg for each
sample which was transferred to 1.7 ml microcentrifuge tubes. The volume of extraction buffer
added to the tissue was 600 pl followed by 2 extractions with 600 pl chloroform:isoamyl alcohol
(24:1). The aqueous phase was transferred to a new 1.7 ml microcentrifuge tube and 175 ul of 8
M LiCl was added and the RNA precipitated overnight at 4°C. The remainder of the protocol
was followed as described by Chang et al., (1993). The concentration and purity of each RNA
sample was determined using a NanoDrop 2000 spectrophotometer (NanoDrop Technologies
Inc., Wilmington, DE) and a Qubit 2.0 fluorometer (Life Technologies, Grand Island, NY). The
RNA quality for each sample was determined by RNA integrity number (RIN) using an Agilent
Bioanalyzer 2100 and the RNA 6000 Nano Kit Chip (Agilent Technologies Inc., Santa Clara,
CA) with 250 ng of total RNA per sample.
RNA-Seq Library Construction and Sequencing

Isolated RNA from the Sumner cultivar was used for library construction and sequencing.
All sequencing library preparations were performed using an Apollo 324 Robot (Wafergen, CA,
USA). Total RNA quality was validated on an Agilent BioAnalyzer 2100 (Agilent
Technologies, Santa Clara CA, USA). A PrepX PolyA mRNA Isolation Kit (Wafergen,
Fremont, CA, USA) was used to enrich 250 ng of total RNA for polyA RNA. The enriched
PolyA RNA was then converted into a library of template molecules using a PrepX RNA-Seq for
[llumina Library Kit (Wafergen, Fremont, CA, USA) for subsequent cluster generation and
sequencing by Illumina HiSeq according to the manufacturer’s protocol. Individually indexed
cDNA libraries were clustered onto a flow cell using Illumina’s TruSeq PE Cluster Kit v3-
cBOT-HS, and sequenced with 101 Paired-End Sequencing on a HiSeq 2500 Ultra-High-

Throughput Sequencing System using a TruSeq SBS Kit v3-HS.

ACS Paragon Plus Environment



Page 9 of 43

160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181

182

Journal of Agricultural and Food Chemistry

Assembly, Annotation, and Gene Expression Analysis
Following sequencing, data was trimmed for both adaptor and quality using a

combination of ea-utils and Btrim >'**?

. Trimmed-paired reads were then de novo assembled
using Trinity software > as strand specific reads. Annotation of transcripts (including
identification of ORFs and attaching both description and function) was performed using the

Trinotate package

(http://www.vcru.wisc.edu/simonlab/bioinformatics/programs/trinity/docs/annotation/Trinotate.h

tml) using default parameters as described in the Trinotate protocol. Reads were then aligned to
the assembled transcriptome using Bowtie2 **. HTSeq and DESeq2 were used to count and
determine significance of gene expression changes as described in the Trinity abundance
estimation and identifying DE feature protocols *> . Cluster profile plots were created in R
using kmeans to define 12 unique clusters of gene profiles.

Quantitative PCR (qPCR)

The experimental procedures and data analysis related to qPCR were performed
according to the Minimum Information for Publication of Quantitative Real-Time PCR
Experiments (MIQE) guidelines *’. Isolated RNA from both Sumner and Desirable cultivars was
used for qPCR experiments. The cDNA synthesis reactions were performed using the iScript™
cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA) according to the manufacturer's
protocol with 1 pg of total RNA per reaction used as template. Control cDNA synthesis
reactions to check for genomic DNA contamination during qPCR consisted of the same template
and components as the experimental reactions without the reverse transcriptase enzyme. The
qPCR reactions were performed with iTag™ SYBR® Green Supermix (Bio-Rad Laboratories)

in a Bio-Rad CFX96 real time PCR detection system. Thermal cycler parameters for gPCR were
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as follows: 95°C 3 minutes, 50 cycles of 95°C 15 seconds, 60°C 30 seconds. A dissociation
curve was generated and used to validate that a single amplicon was present for each qPCR
reaction. The calculations for amplification efficiencies of the target and reference genes, RNA
inhibition assays, and the relative quantifications of the different target gene transcript
abundances were performed using the comparative Cq method as described in the ABI Guide to
Performing Relative Quantitation of Gene Expression Using Real-Time Quantitative PCR
(Applied Biosystems, Foster City, CA) with the following modification: the average of two
reference gene Cq values was determined by taking the geometric mean which was used to
calculate the ACq values for the individual target genes **. The endogenous reference genes used
in the qPCR reactions were the C. illinoinensis 18S ribosomal RNA gene and the trnl-tmF
chloroplast intergenic region as utilized in a previous study *’. Primer pairs used for the gPCR
analysis are listed in Table 2. Developmental time points denoted with an asterisk have > 2-fold
difference in transcript abundance levels between the two pecan varieties and are significantly

different as determined by paired t-test.

Results
Sample Collection and Proximate Analysis

The moisture, mineral, protein, and fatty acid content of developing pecan nut samples
from both Sumner and Desirable cultivars were characterized. Developing nut samples were
collected at 7 time points correlating to the water, gel, dough, and mature nut stages during the
2012 growing season from August to October based upon nut morphology (Figure 1). Although
there were slights variations between the cultivars, in most cases the proximate analysis

characteristics were very similar. In both of the cultivars, moisture, mineral content, and
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206  estimated carbohydrate level decreased during kernel development and was inversely correlated
207  to increases in protein and lipid content as nut development progressed (Table 1). Moisture

208  content was reduced from 46% to 17% in Desirable pecans, and from 43% to 20% in Sumner.
209  Mineral content in both cultivars dropped from around 3% to 1.8% in Desirable and 4% to 1.5%
210  in Sumner. The estimated carbohydrate percentage dropped from about 50% (48.76% for

211 Desirable and 50.85% for Sumner) to the mid teens in both cultivars (17.76% for Desirable and
212 15.23% for Sumner) during development. Lipid content rose from 2-3% in August to above

213 50% for both cultivars in October (Table 1). FAME (fatty acid methyl ester) analysis was used
214 to determine fatty acid content. Oleic acid was relatively stable for each time point for the

215  Sumner cultivar, but was observed to increase from August to September in the Desirable

216  cultivar (Figure 2). In comparison, linoleic acid content dropped from August to September in
217  the Desirable cultivar, but was relatively stable in the Sumner cultivar. The mean protein content
218  gradually increased during development within each sample, but appeared to initiate slightly
219 later in the Sumner cultivar (Table 1). In some samples, there was not enough material to allow
220  detectable protein from the nuts in early August from either cultivar, but soon after protein

221  content rose from about 3% in mid August to 10-12% in the October samples.

222 RNA Sequence Assembly and Gene Annotation

223 The genes expressed within the kernel were sequenced to try to correlate the

224  physiological and biochemical developments within the developing kernel to changes in gene
225  expression using 4 time points. RNA from four time points, August 11, August 23, September 4,
226 and September 20, 2012, were evaluated using the Sumner cultivar samples. Sequencing was
227  performed using Illumina based mRNA HiSeq and 200ng of total RNA isolated from each

228  developing pecan nut sample. A total of 86,526,858 bases (40.4% GC, a maximum contig length
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of 12,160 bases, average length of 607 bases) were sequenced and assembled. ORF annotation
was performed using the SwissProt/Uniprot/Uniref90 databases using Trinotate. Following the
Trinity protocol, 142K transcripts were observed and collapsed into ca. 133K unigenes. Further
attempts at clustering transcripts into genes (TGI-CL, CD-HIT-EST) did not result in an
appreciable reduction in gene number presumably due to issues in assembly arising from either
sample quality or population polymorphisms. There were 45,882 named Trinity genes with
annotation and 52,267 named Trinity transcripts.

Annotated genes were given GO category assignments (biological process, cellular
component, and molecular function). A total of 27,312 genes received GO annotations including
836 unique cellular component, 2,355 unique molecular function, and 4,309 unique biological
process annotations. A large number of gene products functioning in biological processes such
as carbohydrate and lipid metabolism, defense, stress response, and signaling were identified;
including those localizing to or within membranes and those involved in molecular functions
related to ATP binding and protein serine/threonine kinase activity. The top 25 GO groups
having significant temporal gene expression differences throughout the time course are
represented in Figure 3, and they are plotted with respect to the number of genes within the
biological process (3A), cellular component (3B), and molecular function (3C) categories. There
were a large number of genes involved in transcription, components of the nucleus or
membranes, and ATP binding during embryo development that stood out from these plots.

The relative magnitude and directional change in gene expression within each category
was also compared between time points, transition 1 (8/11-8/23), transition 2 (8/23-9/4), and
transition 3 (9/4-9/20) (Figure 4 A-C). Amino acid transport, cellulose biosynthesis, mucilage

extrusion, and lipid transport were among the biological processes that were generally
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upregulated at each transition, while those associated with protein folding were generally
downregulated at each transition. Genes involved in transmembrane transport were upregulated
during transition 1 and 3. Conversely, translation associated genes were upregulated during the
transition 2. As groups, anchored membrane components, anchored components of the plasma
membrane, golgi membrane, and plasma membrane constituents were mostly upregulated at each
of the transitions, while monolayer-surrounded lipid storage body components and nucleolus
components were down regulated at transitionl and 3, but upregulated at transition 2. Lysosome
and microtubule associated proteins were upregulated during transition 1 and 3, but
downregulated during transition 2. Molecular functions that were generally upregulated at each
transition included acid phosphatase activity, cellulose synthesis, and serine-type endopeptidase
activity. While these observations provide a broad view of gene expression changes, continued
analysis was focused on analyzing allergen and fatty acid metabolism genes.
Allergen Gene Expression Analysis

The mRNA sequencing data was inspected for temporal gene expression changes in the 3
conserved pecan allergens. The absolute expression values of each of the 3 allergen genes, Car i
1 (comp34075 c0), Cari2 (comp34067 c0), and Car i 4 (comp34066 c0) demonstrate that
expression of the 7S vicilin, Car 1 2, increases the most during development (Figure 5A). A great
deal of the increase in expression of Car i1 2 occurred during the first and third transitions. When
the expression changes were normalized, clear differences in expression profiles of the allergens
were easier to discern. While expression of each of the allergen genes increased at the first
transition, the expression of the Car i 1 2S albumin continued to increase during the second
transition. During this time, expression of Car 1 2 (comp34067 c0) and Car 1 4 (comp34066 c0)

leveled off or decreased slightly. Further, there was a sharp decrease in expression of the Car i 1
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2S albumin gene (comp34075_c0) at the third transition as expression of the Car i 4
(comp34066 c0) and Car i 2 (comp34067 c0) genes was elevated at the same time (Figure 5B).
Gene Expression Profile Clustering

The three pecan allergen genes had different expression profiles, although the overall
pattern of Car i 4 (comp34066 c0) and Car i 2 (comp34067 c0) genes were more similar. To
identify groups of genes with comparable expression profiles, and identify those with expression
patterns similar to the allergen genes, the gene expression data was evaluated using a cluster
analysis of scaled gene expression values. The three allergen genes were categorized into cluster
one for Car i 1 (comp34075 c0), cluster two for Car i 2 (comp34067 c0), and cluster three for
Car 14 (comp34066 c0) by this analysis (Figure 6). These three clusters (1-3) are similar in that
there was an overall increase in expression with time. There were 233, 594, and 422 genes in
clusters one, two, and three respectively, and 80, 245, and 169 genes were annotated in clusters
1-3 respectively. Included in these clusters were numerous genes involved in DNA binding and
transcription, transmembrane transport functions, nutrient reservoir activity, and lipid
metabolism (Supplementary material Table 1). For example, the expression of several fatty acid
metabolism and storage genes were identified in cluster three including
phospholipid:diacylglycerol acyltransferase 2 (PDAT, comp28848 c0), acyltransferase
(comp28848 c0), desaturase (comp17048 c0 and comp34232 cl), beta-ketoacyl-CoA synthase
I (comp34322 ¢0), and oleosins (comp34102 c0 and comp34087 c0). The expression pattern
of a couple keto-ACP synthase genes (comp38847 c0 and comp126782 c0) matched that of the
other genes included in cluster two. Genes in cluster one whose expression was similar to Car 1
1, the 2S albumin, peaked at transition two (Figure 6). Genes within cluster one that were

upregulated during transition two were involved in ethylene-activated signaling, response to
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298  stress, as well as fatty acid metabolism (Supplementary material Table 1). The expression

299  pattern of a long-chain fatty acid-CoA ligase enzyme (comp39519 c0) matched it to cluster one.
300 Nine other distinct expression profile clusters were differentiated from the gene

301  expression data (Figure 6 and Sup Mat Table 1). For several of the clusters including four, five,
302  seven, eight and nine, gene expression showed an overall decline (Figure 6), however the other
303  cluster profiles had either maintained or increased overall gene expression. There were 455, 200,
304 741,248, and 72 genes in clusters four, five, seven, eight and nine respectively. The types of
305  gene functions in each of the clusters that were upregulated varied. For example, genes within
306  cluster ten (containing 120 genes) included those involved in ATP biosynthesis, cellulose

307  Dbiosynthesis, seed coat development, and xylem development (Figure 6 and Supplementary

308 material Table 1). Genes in cluster six (containing 323 genes) and cluster twelve (containing 391
309 genes) showed an increase in expression during the first transition (Figure 6 and Sup Mat Table
310 1), and included genes involved in pollen and cell wall-related synthesis or function. Genes

311  within cluster six and eleven (containing 278 genes) included those involved in stress response or
312 defense, protein synthesis, transport functions, and fatty acid metabolism.

313  Expression of Genes Involved in Fatty Acid Metabolism

314 Pecan oil is highly nutritious and studies have provided support for the health benefits of
315  pecan consumption *°. Pecan oil contains very low levels of saturated fat, and is high in

316  monounsaturated oleic and polyunsaturated linoleic acids ***!

. The gene expression data was
317  inspected to identify those annotated genes thought to be involved in fatty acid metabolism.
318  There were 299 genes (52 whose expression was significantly altered) involved in various steps

319  of fatty acid metabolism (Sup Mat Table 2), and these had a wide range of expression profiles,

320 some of which fit into the clusters described above. These included a putative
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phospholipid:diacylglycerol acyltransferase 1 (PDAT, comp34721 cl) in cluster 4, a 1-acyl-sn-
glycerol-3-phosphate acyltransferase (LPAT, comp29904 c0) in cluster 7, and a diacylglycerol
O-acyltransferase 1 (DGAT, comp32073 c0) in cluster 12. Several of these fatty acid
metabolism genes were distinctly upregulated during the time course of nut filling that was
studied. For example, there were ten acyl carrier protein (ACP) encoding genes, and among
them all but two were upregulated during the time course. Seven of the ACP encoding genes had
increased expression during the first transition, and in particular comp34310_ co was elevated
~600-fold, the most based upon scaled expression changes. There were three malonyl-CoA:ACP
transacylase genes, and one of these, comp40800 co, was upregulated ~100-fold, and much of
this occurred during the third transition. There were thirty-six ketoacyl-ACP synthase genes, and
many of them were downregulated during the time course. Exceptions to this included
comp38847 c0, compl26782, and comp91447 co which were each highly upregulated (9,859,
4,564, and, 969-fold respectively).

Two hydroxyacyl-ACP dehydratase genes were identified, and comp40728 co and
comp39981 co were both upregulated during the first transition. Comp39981 co remained
elevated during transition one, two, and three, while comp40728 co expression was elevated
sharply during transition one and then steadily declined during transition two and three. Two
enoyl-ACP reductase genes were identified, comp25799 co and comp40412 co, but
comp40412_co had the most noticeable change and was upregulated 205-fold during the first
transition while comp25799 co was up 149-fold. Seven of the eleven acyl-CoA synthetase
genes were downregulated during the time course, but comp33533 co, comp17321 co,
comp39519 c0, and comp36497 co were exceptions. Comp39519 co, comp33533 co, and

compl7321 co were up sharply during the first transition (627, 408, and 303-fold respectively),
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while comp36497 co was relatively flat during transition one and two, and was upregulated 274-
fold during the third transition. Only one of the two acyl-ACP thioesterase genes,
comp33673 co, was upregulated during the time course with a marked increase of 513-fold
occurring during the first transition.

There were 103 acyltransferase genes identified in this analysis and forty-seven were
upregulated over the duration of the developmental period that was examined. Of these forty-
seven, there were seven genes including comp64068 co (19,154-fold), comp16498 co (3,348-
fold), comp60602 co (2,624-fold), comp20325 co (2,493-fold), comp122400 co (2,290-fold),
comp22057 c0 (1,920-fold), and comp84270 c0 (1,174-fold) that were markedly upregulated.
Three of the thirty-eight desaturase genes that were sequenced were upregulated over 500-fold
during the time course. Comp34232 c1 was up 2,299-fold, comp34153 co was up 969-fold, and
comp17048 co was up 722-fold. Another desaturase, comp17172 c0, had a sharp increase in
expression during the first transition (1,539-fold) similar to comp34232 c1 and comp34153 cO0,
but its level dropped substantially during the second and third transitions.

Among the eight acetyl-CoA carboxylase genes that were identified, comp34460 c0
(from cluster 1), comp17318 c0, and comp43181 c0 were upregulated. Comp34460 c0,
previously highlighted in cluster one, and comp43181 c0 had a similar expression spike at the
first transition, while comp17318 c0 showed a more steady increase over the time course. There
were a pair of 3-oxoacyl-ACP synthase III genes and one of them, comp21054 c0, was
upregulated sharply during the first transition like the acetyl-CoA carboxylase comp34460 cO.
Four 3-oxoacyl-[acyl-carrier-protein] synthase II genes were identified and comp34322 c0 had
the largest (856-fold) change during the time course. There were two of five 3-oxoacyl-ACP

reductase genes, comp37759 c0 and comp25546 c0, whose expression was upregulated, 855
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and 636-fold respectively, over the time course. Notably, comp37759 c0 was upregulated
1,321-fold during the third transition. A third 3-oxoacyl-ACP reductase gene, comp34514 c0,
was upregulated over 400-fold during the first transition, but its level decreased substantially
during transition 2 and 3. None of the five 3-hydroxyacyl-ACP dehydratase genes was
substantially changed cumulatively during the time course, but comp comp40728 c0 was
upregulated 344-fold during the first transition and declined to initial levels after that. Both of
the enoyl-ACP reductase I genes that were identified had approximately 400-fold increased
expression during transition one, but declined rapidly to initial levels during transition two and
three.

Quantitative PCR of Selected Pecan Allergen and Fatty Acid Metabolism Gene Expression

Twelve of the fatty acid metabolism genes that were identified from the transcriptome
sequencing were also evaluated for gene expression using qPCR. This analysis was performed
with samples from both the Sumner cultivar used for transcriptome analysis and a second
cultivar, Desirable, for comparison (Figure 7). Each of these genes was significantly upregulated
at some point during the time course that was examined, and for some including a 3-oxoacyl-
ACP synthase III (comp21054 c0), an acyl-[ACP] desaturase (comp34153 c0), an acyl-ACP
thioesterase (comp33673 c0), and an acyl carrier protein (comp34310_c0) there was a good
correlation to the expression pattern observed using the transcriptome analysis.

There were a few distinct expression patterns revealed by this analysis. In general terms,
the expression pattern of a hydroxyl-ACP dehydratase (comp39981 c0), an acyl-activating
enzyme (comp40417 c0), and a malonyl-CoA:ACP transcyclase (comp40800 c0) were alike as
they all peaked at the first sampling time point in August (Figure 7). The comp40417 c0

expression data from the transcriptome analysis agreed well with the qPCR data and showed a
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390 greater than 90-fold decrease in the first transition. The expression pattern of a 3-oxoacyl-ACP
391  synthase III (comp21054 c0), an acyl-ACP thioesterase (comp33673 c0), an acyl-[ACP]

392  desaturase (comp34153 ¢0), and an acyl carrier protein (comp34310 c0) assessed by qPCR all
393  peaked at the second time point in August. Other transcripts including two acyltransferases

394  (compl6498 c0 and comp64068 c0), a desaturase (comp34232 cl), and a keto-ACP synthase
395  (comp38847 c0) peaked at one or both of the latter time points in September (Figure 7).

396 The same general gene expression trends were observed between the two cultivars for
397  some of the genes evaluated by qPCR. For example, relative transcript abundance of a hydroxyl-
398  ACP dehydratase (comp39981 c0), an acyl-activating enzyme (comp40417 c0), and a malonyl-
399  CoA:ACP transcyclase (comp40800 c0) peaked early in the time course for both cultivars, and
400  decreased at later time points (Figure 6). In several instances the correlation was not as obvious,
401  and this could be due to primer mismatches due to differences in gene sequence between

402  cultivars, or variations in the timing or selection of gene expressed during kernel development
403  between the cultivars.

404

405  Discussion

406 Recent studies have characterized transcriptomes for tree nuts and other oil rich crops

407  including hickory, tung, and physic nut 24,42, 43

. The study presented here characterized the gene
408  expression within a developing pecan kernel, and highlighted the expression of fatty acid

409  metabolism and allergen genes. However, expression was only analyzed during a single growing
410  season, and changes in moisture, temperature, or pest attack could alter gene expression during

411  growing seasons. For example, the expression of heat shock protein and acetyl-CoA carboxylase

412 enzyme complex genes from developing hickory nuts (Carya cathayensis Sarg.) were fit to
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different expression clusters in successive growth years during 2012 and 2013, possibly due to
increased temperatures 2,

Predictably, an increase in pecan nut lipid content (to over 50% in the final sample) was
observed as development progressed from August to October. The values are similar to those
reported for Western Schley pecans at a comparable stage of development which averaged 19%
moisture content (MC) and 60% lipid content # Nuts collected with a MC near 4% had an
average lipid content of 71% in the same study. The values collected here are lower than a
previous study that reported a lipid content of 67 and 71% for the Sumner (MC 6.3%) and
Desirable (MC 4.8%) cultivars respectively *. Lipid content was dominated by oleic and
linoleic acids, and the oleic acid values observed were close to those previously reported in the
Desirable cuiltivar (56%), but were lower than those reported for the Sumner cultivar (50%
versus 73%) °. Both cultivars in the analysis had linoleic acid content (40 and 50% for
Desirable and Sumner respectively) higher than previously reported values of 35 and 19%". In
contrast, moisture values in the final samples were much higher than those published by
Venkatachalam et al., (2007), suggesting the samples collected directly from the tree were not as
dry as commercially available nuts. Rudolph et al., (1992) reported that increases in percent oil
on a fresh weight basis over the last four weeks before harvest of Schley and Delmas nuts was
primarily due to water loss rather than increased lipid synthesis. The variation in lipid and
moisture content could reflect differences in growth conditions, and collection or storage time
prior to analysis. The protein and ash values observed in the final samples were similar to the
values described by Venkatachalam et al., (2007). Overall, the Sumner and Desirable cultivars

showed similar changes over time and were similar in their nutrient content values.
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Nearly 300 unique transcripts potentially involved in fatty acid metabolism were
identified. For comparison, an analysis of nuts from the tung tree (Vernicia fordii) transcriptome
identified 136 unigenes involved in fatty acid metabolism and another 126 lipid biosynthesis
related genes s, Acyl-[ACP] desaturase proteins are essential for oleic acid formation in plants,
and are important for plant defense signaling **. Eleven potential acyl-[ACP] desaturases in the
pecan nut transcriptome were identified and five of these were highlighted in the expression
pattern analysis. The Arabidopsis genome is predicted to harbor seven acyl-[ACP] desaturases
genes, but one of these, SSI2/FAB2, plays a major role in oleic acid production *°. Two of the
acyl-[ACP] desaturases expression patterns fit into cluster three (comp17048 c0 and
comp34617 c0), two into cluster six (comp17172 c0 and comp34153 c0) and one into cluster
ten (comp135859 c0). A sharp increase in expression between the August 11" and 23"
sampling dates for all five of these acyl-[ACP] desaturases was observed. The sharpest increases
were observed for the comp34153 ¢0, comp17172 ¢0, and comp17048 c0 acyl-[ACP]
desaturases which were up 10637, 2737, and 825-fold respectively between August 11" and 23",
Similar increases in the expression of fatty acid metabolism genes including acetyl-CoA
carboxylase, 3-ketoacyl-ACP reductase, and omega-3 fatty acid desaturase were observed in a
study of the developing hickory nut (Carya cathayensis Sarg.) **. The expression pattern of the
comp34153 c0 acyl-[ACP] desaturase was confirmed by qPCR analysis, and was shown to peak
in late August and early September in the Sumner cultivar, but the same analysis was
inconclusive in the Desirable cultivar possibly due to primer mis-match. The results suggest the
comp34153 c0 transcript encodes an acyl-[ACP] desaturase that is likely important for the

production of oleic acid.
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Synthesis of linoleic acid requires omega-6 (delta 12) desaturase activity. Like oleic
acid, linoleic acid plays a role in plant defense signaling and stress tolerance *”***. For example,
the Arabidopsis FAD2 omega-6 desaturase localizes to the endoplasmic reticulum and has been
shown to be important for salt tolerance during germination®. The transcriptome analysis
identified three putative omega-6 desaturase enzymes, comp29832 c0, comp34232 cl, and
comp35196 c0. The comp34232 cl transcript was noticeably upregulated early during nut
development and its expression profile fit into cluster three. The comp34232 c1 transcript was
sharply upregulated between August 1 1™ and August 23 in a manner similar to the
comp34153 c0 transcript encoding the putative acyl-[ACP] desaturase discussed above. Similar
to the analysis presented here, FAD2 expression was also upregulated early during hickory nut
development, but was downregulated thereafter **. The qPCR findings for the comp34232_cl
transcript were similar to the transcriptome analysis, showing peak levels during the September
10™ time point in the Sumner cultivar. Similar to the comp34153_cO0 transcript, the gPCR
analysis of the comp34232 c1 transcript was inconclusive in the Desirable cultivar.

There is evidence that allergen sensitization can be influenced by the presence of lipids
associated with the allergen or included within the sensitizing agent, including nut allergens '*'®.
In contrast, a link between fatty acid metabolites, T-cell function, and the presence of specific
gut flora in infants has been suggested to be a positive influence on immune function *°. The
acyl-[ACP] desaturase (comp34153 c0) and omega-6 desaturase (comp34232 cl) transcripts
were highlighted due to their sharply increased expression during pecan nut development, and in
the case of the omega-6 desaturase (comp34232 cl) because it exhibited an expression pattern
similar to the Car 1 4 pecan nut allergen in cluster 3. While expression clusters were not

characterized in a tung tree nut study, desaturase enzymes were upregulated in the latter part of
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nut development, and expression of an 11S legumin seed storage family protein was among the
top fifty most upregulated **. Similarly, during physic nut development, enzymes for production
of oleic and linoleic acid were upregulated and transcription of 11S globulin family proteins was
among the most highly upregulated **.

The findings presented here suggest coordinated regulation among select fatty acid
metabolism and pecan allergen genes during pecan kernel development. The applied extension
of these findings could provide information that may identify solutions helping those suffering
from tree nut allergies and facilitate additional food safety technologies. Continued research of
this type could also enable a better understanding of how the genes identified here are related to
nutritional value, sensory qualities, and provide hints for pecan cultivar improvements through

rational breeding design.
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635  Figure Captions

636  Figure 1. Cross-section of developing Desirable and Sumner pecan embryos. Samples were

637  collected based on morphology from an individual ‘Sumner’ or ‘Desirable’ cultivar pecan tree at
638  the Louisiana State University Pecan Research Station pecan orchard (Shreveport, LA) during
639  August and September of the 2012 growing season. The trees received standard agronomic

640  practices and the nuts are representative of “water” stage (August 11, 17), “gel” stage (August
641  23), “dough” stage (September 4, 20), and “mature” nuts (September 20, October 2). Samples
642  boxed in yellow from the Sumner cultivar (8-11, 8-23, 9-4, and 9-20) were used for gene

643  expression analysis.

644  Figure 2. FAME analysis of developing Desirable and Sumner pecan embryos.

645  Lipids extracted from pecan samples at the indicated time points were analyzed for FAMEs, with
646  those over 2% including palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1), linoleic
647  acid (C18:2), and alpha-linolenic acid (C18:3) content using an Agilent GC-MS with standard
648  curves developed in Chemstation software. Quantification was based on the prominent mass ion
649  of each FAME.

650  Figure 3. GO annotation of developing Sumner pecan embryo transcriptome.

651  Sequenced and assembled RNA samples from developing Sumner pecan embryos were

652  annotated using the SwissProt, Uniprot, and Uniref90 databases with Trinotate software.

653  Annotated genes were categorized based upon A) biological process (BP), B) cellular component
654  (CC), and C) molecular function (MF) categories.

655  Figure 4. Characterization of significant gene expression changes during Sumner pecan embryo
656  development. HTSeq and DESeq2 were used to count and determine significance of gene

657  expression changes as described in the Trinity abundance estimation and identifying DE feature

ACS Paragon Plus Environment



658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

Journal of Agricultural and Food Chemistry Page 28 of 43

28

protocols. The relative magnitude of gene expression changes during Sumner pecan embryo
development is shown for transitions between the following dates A) 8/11-8/23, B) 8/23-9/4, and
C) 9/4-9/20.

Figure 5. Pecan allergen gene expression analysis in developing embryos. The gene expression
changes of 3 pecan nut allergens, Car i 1 (comp34075 c0, green line), Car i 4 (comp34066 c0,
blue line), and Car i 2 (comp34067 c0, red line) during development were plotted based upon A)
absolute and B) normalized gene expression values as noted on the y-axis and dates of sample
collection on the x-axis.

Figure 6. Clustered gene expression profiles from developing Sumner pecan embryos. Genes
were clustered based upon their temporal expression profile. Temporal gene expression profiles
were created and evaluated in R using kmeans to define 12 unique clusters. Scaled gene
expression units are indicated on the Y-axis and date of collection on the X-axis.

Figure 7. Quantitative PCR of select allergen and fatty acid metabolism genes from developing
Sumner and Desirable pecan embryos. Gene expression profiles from Sumner and Desirable
cultivars were evaluated by qPCR. Four developmental time points are represented. A)
Expression of known pecan genes whose products elicit an allergic response in humans. B)
Expression of genes involved in various stages of fatty acid biosynthesis. Developmental time
points denoted with an asterisk have > 2-fold difference in transcript abundance levels between

the two pecan varieties and are significantly different as determined by paired t-test.

ACS Paragon Plus Environment



Page 29 of 43 Journal of Agricultural and Food Chemistry

Table 1. Proximate analysis values on a wet weight basis of developing Desirable and

Sumner pecan cultivars

Cultivar Desirable | Moisture % | Ash % | Lipid % | Protein %* | CHO%***
8/11/2012 45.65 3.06 2.53 *x NC
8/17/2012 50.94 1.90 2.67 3.31+/-0.37 41.18
8/23/2012 45.68 298 | 10.27 | 5.90+/-0.57 35.17
8/29/2012 40.41 2.47 26.42 9.05+/-0.89 21.65
9/10/2012 29.55 1.52 43.74 9.86+/-0.93 15.33
9/20/2012 22.50 1.60 49.12 | 10.35+/-0.66 16.44
10/2/2012 16.99 1.83 50.83 | 12.59+/-1.30 17.76

Cultivar Sumner | Moisture % | Ash % | Lipid % | Protein %* | CHO%***
8/11/2012 43.09 3.57 2.50 *ok NC
8/17/2012 43.89 431 4,74 ok NC
8/23/2012 42.26 3.55 11.17 6.80+/-2.3 36.22
8/29/2012 37.40 2.82 | 26.94 | 7.63+/-1.27 25.21
9/4/2012 31.78 2.35 | 35.64 | 8.53+/-1.27 21.71
9/20/2012 18.90 *ok 51.34 9.82+/-1.10 NC
10/2/2012 19.88 1.48 | 54.38 | 10.50+/-0.94 13.76

* Mean values +/- standard deviation
** Insufficient sample for determination
*#% Calculated as 100 -% moisture -% lipid - % protein

NC —not calculated
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Table 2. Primers for quantitative Polymerase Chain Reaction (QPCR)

Gene Target Predicted product C?uesr::r Forward primer sequence 5'-3' | Reverse primer sequence 5'-3'
13S legumin Car i 4 allergen,
comp31874_cl1 . . L 1 CCACAACAATGCCAATCAG GTATTCCTGCTGACCTTGT
nutrient reservoir activity
comp17358_c0 flavonoid biosynthetic process, 2 CCAGAAGCAGCAGAGAGTTTA | GTGTTCGGTCTTCTGGGTTAT
integral to membrane
fatty acid biosynthetic process, acyl-
ACAATTGATAGAGA ACAT
comp135859_c0 [acyl-carrier-protein] desaturase 3 ¢ G GT GACCCGAC GTGTACACGAAGCCCAAGTA
activity
comp15104 c1 | (ransmembrane receptor protein 4 TCAGAACCTCCACTCGTAGAT | CTAATGGCAACCCGGATATAGG
serine/threonine kinase activity
7S vicilin Car i 7 allergen, nutrient
comp34067_c0 resorvoir, vicilin-like antimicrobial 5 GGCAGAACTATCATGGTGAC AGCATACTAAGGCGAGGAA
peptides
comp34075_co | 25 2lbumin Cari 1allergen, nutrient 6 AGTAGCAGCTCTCCTTGTA GGTTGTCAATGTCCTCGTC
reservoir activity
comp39405_c0 protein serme/thre.o‘nme 7 TCGTAGGACGATGTCAGAGATA GAGCGACAGAAAGGGAAACA
phosphatase activity A
comp42176_c0 plasma ”1‘:;22;': protein 8 CTGGCTGGAGTTCTCTCATTATC | TGTGTCTGTGCTTCTCAGTTT
comp49987_cO cyclin-dependent protein kinase 9 TCCAGGTTCATCAGCATCAC GGGAACTCAAGCAGGAGAAA
inhibitor activity
comp30247_cO ethy'e”e‘rESp?ancst "‘)’f transcription 10 CTTCTTCACGCCCTCTCTTC CACCTCTGTCTGCTTACTCTTC
compa0754_co | regulation of ARF GTPase activity, 11 CTATCTCGGCATCACCCATTT | GACGCACTGACTCTTTCTGTTA
metal ion binding
chloroplast thylakoid membrane,
comp17793_c0 photosynthetic electron transport in 12 CGATCCTCAGCAAATAGGAGTT GCCGCTGGGTTAGGTTTAT
photosystem Il
comp18672_c0 fatty acid oxidation 10 CCTGGTAACGAAGCCAAGAA GGAAGCCCTCTTCAGCATATT
comp39590_c0 unknown 10 TCTGCTGCATGTGAGAGTATTG GCTAGAGGATGATGGTGAAGA
comp36103_c0 protein-disulfide reductase activity 10 CCTCGTAGATTCCAACCAGAAC GGATCTTGAGIZGCAAGGTCATA
comp53691_c0 serine carboxypept.ldase—llke, 10 TAGTGACGTATCCTGCGATTTG GGGCACTGAAGAATGGATAGA
proteolysis A
comp66643_c0 unknown 9 TCACCGTAACCAGAACCTTTAC GATCAGGATCAGGAGGCAATC
comp17308_c0 alpha tubulin 2 control CAGCACCAACCTCCTCATAATC GGCATTCGTTCACTGGTATGT
AF174619.1 18S ribosomal RNA control ACATCTTACCACGATACATAAC AACTTGCGTTCAAAGACTC
AF076774 trnl-tmF chloroplast intergenic control CGGACGAGAATAAAGATAGAG TTTTGGGGATAGAGGGACTTG

regions

T
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Figure 6.
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