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The perennial ornamental peanut Arachis glabrata represents one of the most adaptable wild Arachis species. This
study used PacBio combined with BGISEQ-500 RNA-seq technology to study the transcriptome and gene
expression dynamics of A. glabrata. Of the total 109,747 unique transcripts obtained, >90,566 transcripts showed
significant homology to known proteins and contained the complete coding sequence (CDS). RNA-seq revealed
that 1229, 1039, 1671, 3923, 1521 and 1799 transcripts expressed specifically in the root, stem, leaf, flower, peg
and pod, respectively. We also identified thousands of differentially expressed transcripts in response to drought,

salt, cold and leaf spot disease. Furthermore, we identified 30 polyphenol oxidase encoding genes associated with
the quality of forage, making A. glabrata suitable as a forage crop. Our findings presented the first transcriptome
study of A. glabrata which will facilitate genetic and genomics studies and lays the groundwork for a deeper
understanding of the A. glabrata genome.

1. Introduction

Peanut or groundnut (Arachis hypogaea) is one of the most important
oil crops in the world with a total production of approximately 48.8
million tons from 29.6 million ha during 2019 (http://www.fao.
org/faostat/en/#data/QC). It provides high quality cooking oil, pro-
tein, and many other nutritional elements, such as vitamins, biotin,
resveratrol and isoflavones for human consumption [1,2]. Cultivated
peanut is allotetraploid (AABB, 2n = 4x = 40), derived from hybridi-
zation between A. duranensis (AA, 2n = 2x = 20) and A. ipaensis (BB, 2n
= 2x = 20) [3,4]. Molecular marker analysis has demonstrated that
cultivated peanut has a narrow genetic base [5], and that the overuse of
elite germplasm lines in breeding programs has further reduced genetic

diversity among modern cultivars. For example, more than 70% of
peanut cultivars in China suggest the predominant use of two germ-
plasms, Fuhuasheng and Shitouqi, directly or indirectly [6]. In addition,
limited efforts have been made to use diverse germplasm as well as wild
peanut relatives for diversification of breeding material. Based on the
morphology, geographical distribution and cross compatibility re-
lationships, more than 80 species of the genus Arachis were identified
that can be grouped into nine sections [4,7]. Several studies have
emphasized the importance of wild species as key sources for resistance
to biotic and abiotic stresses, providing great potential to diversify the
cultivated gene pool and enable cultivar development [8-11].

Among wild peanuts, A. glabrata is recognized as one of the most
resistant species to disease and pests, and considered an important
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source for genetic improvement of cultivated peanut [12]. A. glabrata
belongs to section Rhizomatosae, while cultivated peanut, along with
A. duranensis, A. ipaensis and A. monticola belong to section Arachis.
A. glabrata is also known as Rhizoma peanut, creeping/perennial forage
peanut or ornamental peanut grass, and provides low maintenance
ground cover in many parts of the world, with bright flowers during the
entire summer. A. glabrata has been developed as commercial tropical
forage cultivars Florigraze and Arbrook due to its high protein content in
the leaf and stem [13-15]. Hundreds of accessions of A. glabrata have
been collected and maintained in Brazil, Colombia, India and the United
States [16]. A. glabrata has demonstrated resistance to most of diseases
of cultivated peanut, including leaf spots, peanut mottle virus, peanut
stripe virus (PSTV), peanut bud necrosis virus (PBNV) [12], root-knot
nematode [17], bacterial wilt [18] and rust [19]. However, our
knowledge of the genome, ploidy and molecular mechanism of disease
resistance of these species is still poorly understood, inhibiting their use
in improving the resistance of cultivated peanut. To date, there are only
32 nucleotide sequences of A. glabrata that have been deposited in the
public database (http://www.ncbi.nlm.nih.gov/genbank). Minimum
genomic resources such as reference genome, transcriptome assembly
and genome-wide genetic markers are therefore required to conduct
experiments to enhance our understanding and use of this wild species.

Traditionally, Rhizomatosae species were assigned to R genome based
on cytological studies. However, cytogenetic evidence shows that
A. glabrata has a different karyotype pattern than A. burkartii, which is a
diploid species in section Rhizomatosae. The karyotype features of
A. glabrata are more comparable with species of sections Erectoides and
Procumbentes (E genome) [20]. The recent availability of whole genome
sequences of diploid wild ancestral species including A. duranensis and
A. ipaensis [21,22], tetraploid wild species A. monticola [23] and three
cultivars Shitouqi [24], Tifrunner [25] and Fuhuasheng [26] have pro-
vided valuable information to understand the genome and evolution of
the Arachis genus. However, all these sequenced species belong to sec-
tion Arachis with AA, BB or AABB genome, which have rather distant
phylogenetic relationships with R or E genomes. In addition, accumu-
lated evidence indicates that A. glabrata might be auto-tetraploids or
segmental allotetraploids with different degrees of diploidization
[20,27-29].

Transcriptome analysis is a powerful way of identifying genes,
revealing the dynamics of gene expression, and providing an under-
standing of the molecular mechanism behind complex biological phe-
nomena. The third-generation single-molecule real-time (SMRT)
sequencing platform can capture full length transcripts and avoid the
assembly process [30]. SMRT sequencing has been widely used in many
plant species such as Arabidopsis pumila [31], rice [32,33], moso bamboo
[34], loquat [35], orchid (Bletilla striata) [36], danshen (Salvia miltior-
rhiza Bunge) [37] and sugarcane [38] which have provide thousands of
high quality full length transcripts and facilitated the identification of
alternative splicing. In this study, the upgraded PacBio SMRT Sequel
platform was employed to generate a full length transcriptome of
A. glabrata. In addition, next generation RNA-seq technology was used to
investigate the gene expression dynamics of A. glabrata in response to
biotic and abiotic stresses. Our results provide a transcriptome reference
sequence of A. glabrata which serves as a foundation for the discovery of
the molecular mechanism of stress resistance in A. glabrata.

2. Materials and methods
2.1. Plant materials and RNA sample preparation

A. glabrata (PI 262794) has its origin in Brazil and has high resistance
to many diseases including leaf spot disease, rust, peanut mottle virus,
peanut stripe virus, root-knot nematode and tomato spotted wilt viruses
[17,39,40]. A. glabrata plants were grown in the National Wild Peanut
Germplasm Garden of Guangxi Academy of Agricultural Sciences,
Nanning, China. For third next generation PacBio transcriptome
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sequencing, the tissue samples in three biological replicates were first
harvested from roots, stems, leaves, flowers, pegs, and pods of
A. glabrata and quickly frozen in liquid nitrogen followed by storing
them at —80 °C. Total RNA was extracted using RNeasy Plus Mini Kit
(Qiagen), according to the manufacturer’s protocol (http://www.
giagen.com). The quantity and quality of total RNA were assessed
using Agilent 2100 Bioanalyzer and Fragment Analyzer Automated CE
System (http://www.agilent.com).

For next generation RNA-seq, the samples of roots, stems, leaves,
flowers, pegs and pods were prepared as described above. To acquire
natural seedlings for biotic and abiotic treatments, rhizomes containing
fresh stems and leaves were first transplanted into pots, to be grown for
about two months. For salt and drought treatments, the seedlings were
treated with 200 mM NaCl and 20% PEG 8000 for 48 h, respectively. For
cold treatment, the seedlings were incubated at 4 °C for 48 h. For control
samples, the seedlings were grown at 28 °C. For treatment with leaf spot
disease, the seedlings were inoculated with Cercosporidium personatum,
according to the method described in previous studies [41] and samples
were harvested at 48 h, while samples harvested from seedlings sprayed
with water were used as control. For each sample, three biological
replications were prepared. For each replication, nine pots of seedlings
were prepared for treatment and sample collection. After sample
collection, total RNA was extracted as described above.

2.2. Library preparation and high-throughput sequencing

The PacBio SMRT sequencing library was constructed using an equal
mixture of RNAs from different tissues. First-strand cDNA was synthe-
sized using the UMI base PCR cDNA Synthesis Kit (BGI). After the syn-
thesis of the first strand, PCR amplification was performed to generate
double-strand cDNA. The cDNA was then used to select the optional
size to construct a combined SMRT bell library. The library was subse-
quently sequenced using a PacBio sequel system. For RNA-seq, libraries
were constructed using the method described in previous studies [42].
Briefly, the mRNA was first enriched and cleaved into short fragments,
and then used to synthesize cDNAs. Then, cDNA fragments were purified
and enriched through PCR amplification to construct the cDNA library.
The sequencing was conducted using BGISEQ-500 platform (BGI,
China).

2.3. PacBio Iso-Seq data processing and bioinformatic analysis

To obtain a high quality reference transcriptome of A. glabrata, the
SMRT (IsoSeq) strategy was performed. In brief, we first obtained the
“isoforms” through PacBio sequel and further treatment. These “iso-
forms” were used to assemble the final transcripts (reference tran-
scriptome) of A. glabrata. The final transcripts were used as the reference
for the following analysis, including gene expression analysis, SSR pre-
diction and function annotation, etc. Following are the details about
these steps.

After sequencing by PacBio sequel, reads of insert (ROI) were iden-
tified using SMRT analysis software package following the manufac-
turer’s instructions. Based on the presence of 5 primers, 3’ primers and
poly (A) tail, ROIs were classified into full length (FL) and non-full
length (non-FL) reads. An iterative isoform-clustering (IEC) algorithm
was used to obtain the consensus sequences of isoforms. Redundant
isoforms were removed through CD-HIT software, and unique isoforms
(transcripts) were obtained. The completeness of the transcripts was
evaluated by BUSCO (Benchmarking Universal Single-Copy Orthologs),
which is based on the universal single-copy ortholog gene selected from
OrthoDB database (https://www.orthodb.org/).

For annotation, the transcripts were used to align with different
databases, including Nt and Nr of NCBI (http://www.ncbi.nlm.nih.
gov/), GO (http://geneontology.org), KOG (http://www.ncbi.nlm.nih.
gov/KOG) and KEGG (http://www.genome.jp/kegg). For CDS predic-
tion, Trans decode (https://transdecoder.github.io) was first used to
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recognize the longest ORFs (Open Reading Frame); then the ORFs were
further blasted with SwissProt (http://ftp.ebi.ac.uk/pub/databases/
swissprot) and Pfam (http://pfam.xfam.org). To identify the transcrip-
tion factors, HMMPfam software (http://hmmer.org) was used to search
the plant transcription factors database (http://plntfdb.bio.uni-potsdam
.de/v3.0/). To identify the disease resistance genes, transcripts were
searched with Plant Resistance (R) Genes DataBase (PRGDB), in which R
genes were grouped into several classes based on the presence of specific
domains (www.prgdb.org/). The SSRs were identified using Perl scripts
software MISA (http://pgrc.ipk-gatersleben.de/misa/), as described in
previous studies [43,44]. The primers were designed according to the
flanking sequences of the SSR locus using Primer 3 software (htt
p://biotools.nubic.northwestern.edu/Primer3.html), following the pa-
rameters described in a previous report [43].

2.4. Bioinformatics analysis of RNA-Seq data

In total, 36 samples were used for gene expression analysis, including
the 18 samples from different tissues (roots, stems, leaves, flowers, pegs
and pods), 12 samples for abiotic treatments and 6 samples for biotic
treatment. The samples for abiotic treatments include three samples
with 200 mM NacCl treatments for 48 h, three samples with 20% PEG
treatment for 48 h, three samples with 4 °C low temperature treatment
and three control samples. The samples for biotic treatments included
three samples for leaf spot disease treatment collected at 48 h and three
control samples for biotic stress. After sequencing by BGISEQ-500, clean
reads were obtained by eliminating reads with poly N > 0.5%, reads
containing adaptor sequences, and low-quality reads using SOAPnuke
(version 1.5.2) [45] with the parameter: -1 15 -q 0.2 -n 0.05. This was
followed by mapping all the clean reads with the full transcripts of
A. glabrata using Bowtie2 software [46]. Gene expression level was
calculated using RSEM [47] and normalized using FPKM (Fragments Per
Kilobase of transcript per Million fragments mapped) method. The
relative gene expression level between different samples was calculated

Samples collection
(different tissues, control, salt, cold, drought and leaf
spot disease treatment)

U

Construction of RNA libraries, BGISEQ-500
sequencing and Bioinformation analysis

U

Identification of DEGs in response to stresses and
tissue specific expressed genes

b

—
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using R package DEGseq [48]. Differentially expressed genes (DEGs)
were identified following the criteria of fold change > 2 and adjusted p-
value (q-value) < 0.001. To further understand the function of the DEGs,
GO analysis was performed and enrichment GO terms were identified
using Blast2GO by performing hypergeometric test and comparing it
with the whole transcript background [42,49]. In addition, enriched
KEGG pathways were identified by comparing the ratio of DEGs with the
whole transcript background.

3. Results

3.1. PacBio isoform sequencing and de novo assembly of the full length
transcriptome

To acquire full length transcripts for PacBio long read sequencing, we
constructed a library by combining equal quantities of total RNAs from
six tissues of plants including the root, stem, leaf, flower, peg and pod of
A. glabrata (Fig. 1). PacBio sequencing generated 22.55 Gb data
including 748,874 polymerase reads with an average length of 30,107
bp. SMRT analysis identified a total of 712,736 ROIs (reads of inserts)
with an average length of 1855 bp, of which 393,014 (55.14%) were full
length non-chimeric reads as indicated by the detection of 5'-adapter, 3'-
adapter and poly (A) tails. By using ICE (Iterative Clustering for Error
Correction) algorithm, a total of 179,353 high quality isoforms were
obtained. After removing the redundant sequences, a total of 109,747
unique isoforms (transcripts) were obtained which were named as Agt_1
to Agt 109747. The total length of the transcripts was 185,676,867 bp
with N50 of 1974 bp and 41.11% GC content (Fig. 2A). The BUSCO
assessment showed that a total of 282 complete genes (93.07%) were
found, suggesting that the transcriptome assembled is relatively com-
plete (Supplementary Fig. S1).

To further test the completeness of the transcripts for encoding the
protein, the TransDecoder software was used to identify the longest
open reading frame, which was further blasted with the SwissProt and

Samples collection
(root, stem, leave, flower, peg and pod)

U

RNA extraction and construction of RNA
library

U

PacBio SMRT sequencing and
bioinformatics analysis

Y

| Full-length isoforms (transcripts) |

v U <

Annotation Development Analysis
(N1, Nt, KOG of SSR of AS and
and GO et al.) markers APA

U

Identification of genes
(R genes, transcription factors and polyphenol
oxidase genes)

U

Providing the first full-length transcriptome database of A. glabrata, and revealing the gene expression
dynamics in different tissues and in response to biotic and abiotic stresses

Fig. 1. Flowchart of the experimental design to obtain full length transcripts and study the dynamic gene expression profiles in different tissues and their response to

various stresses.
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Fig. 2. Characteristics of unique isoforms (full length transcripts) of A. glabrata. A: Length distribution of the transcripts; B: Percentage of annotated genes in different

database; and C: Species mapped with the transcripts.

Pfam Database. In total, 90,566 transcripts (85.52%) showed significant
homology to known proteins and contained the complete coding
sequence (CDS). The total length of CDS was more than 98 Mb with N50
of 1329 bp and 44.85% GC content.

3.2. Functional annotation of the transcripts

To acquire the most comprehensive annotation for the transcripts of
A. glabrata, the sequences of the transcripts were used to align with Nr,
Nt, KEGG, KOG and GO databases. The results showed that 101,973
(92.92%), 103,252 (94.08%), 82,619 (73.23%), 83,311 (75.91%) and
50,555 (46.07%) transcripts were potential matches for the Nr, Nt,
KEGG, KOG and GO databases, respectively (Fig. 2B). Nr annotation also
showed that approximately 51,963 (50.96%) and 35,242 (34.56%)
transcripts showed the best matches with the gene models of the diploid
ancestral species of peanut, A. ipaensis and A. duranensis, respectively.
While 1478 (1.45%) transcripts matched with Glycine max, the rest of
the 13,562 (13.30%) transcripts showed similarity with other plant
species (Fig. 2C).

Transcription factors (TFs) play an important role in plant develop-
ment and in responses to biotic and abiotic stresses. In Arabidopsis, more
than 5% of the genes encoded TFs were assigned to stress related
functions [50]. In this study, a total of 4276 (4.19%) transcripts
encoding 59 types of TFs were characterized through blasting with plant
transcription factor database (PInTFDB). Among these TFs, MYB, AP2,
GRAS, bHLH, C3H, WRKY, C2H2 and ARF accounted for 50% of the total
TFs, representing the most abundant TF gene families in A. glabrata
(Supplementary Fig. S2). The complete annotation of these transcripts
(Supplementary Table S1) provides a basic framework for future studies
on gene identification and gene transcriptional regulation in A. glabrata.

A search in the Plant Resistance Genes database (PRGdDb) identified a
total of 8350 disease resistance (R) related transcripts, grouped into six
distinct classes based on the presence of specific domains (Supplemen-
tary Table S2). In total, 1366 and 1582 transcripts contained CC-NBS-
LRR (CNL) and TIR-NBS-LRR (TNL) domains, respectively. A total of
3225 and 115 transcripts contained receptor-like protein (RLP) and
receptor-like kinase (RLK) domains, respectively. In addition, 54 tran-
scripts indicated no typical resistance related domains, but were found
homologous with other reported R genes (Supplementary Table S2).
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A. glabrata was considered one of the most adaptable wild peanut species
and these results provided valuable information for cloning R genes
from A. glabrata.

3.3. Development of genomic-SSR markers

Microsatellites or simple sequence repeats (SSRs) are valuable in
plant genetics and breeding studies, especially those derived from
transcriptome sequences. The full length transcripts of A. glabrata pro-
vide important resources for SSR development. A total of 46,126 SSRs
were identified from 32,934 transcripts using MISA Perl script and 9069
of these transcripts contributed to more than one SSR. The overall fre-
quency of occurrence of SSRs was recorded as 248 SSRs per Mb with the
average distance between two SSRs being 4.02 kb (Supplementary
Table S3). A total of 288 types of motifs were detected in the transcripts
of A. glabrata. Based on the flanking sequences of the identified SSRs, we
designed 18,290 pairs of primers, which demonstrate their potential
application value in A. glabrata and other peanut species (Supplemen-
tary Table S4).

3.4. Expression analyses of transcripts in various tissues of A. glabrata

To further analyze the gene expression profile in various tissues of
A. glabrata, we used BGISEQ-500RNA-seq technology to quantify tran-
script abundances in the root, stem, leaf, flower, peg and pod. Approx-
imately 63 million reads were generated from each tissue, and about
85% of them were mapped to the reference transcripts of A. glabrata
(Table 1). The gene expression level was normalized by calculating
values of fragments per kilobase of per million fragments sequenced
(FPKM). We used a stringent cutoff value of FPKM > 1 to define tran-
scripts that were robustly expressed in specific tissue. Among these
109,747 transcripts, 60,689 (55.30%) in root, 62,139 (56.62%) in stem,
61,082 (55.66%) in leaf, 50,305 (45.84%) in flower, 63,687 (58.03%) in
peg and 56,398 (51.39%) in pod were detected, representing the
expressed genes in a specific tissue (Fig. 3). A total of 33,740 (30.74%)
transcripts expressed in all six tissues collectively. In addition, a total of
1229, 1039, 1671, 3923, 1521, and 1799 transcripts were expressed
specifically in the root, stem, leaf, flower, peg and pod, respectively
(Fig. 3). Under the criterion of g-value < 0.001 and |log2| > 1.0, a large



C. Zhao et al.

number of differentially expressed genes (DEGs) were identified be-
tween different tissues (Fig. 4, Supplementary Table S5). For example,
the expression level of 17,616 and 14,826 transcripts were found up-
and down-regulated, respectively in the root compared to the stem
(Fig. 4, Supplementary Table S5). These results indicate significant
differences in the expression level of transcripts between different tis-
sues. Detailed information on these specific transcripts provide an op-
portunity to study the function of the genes or cloning of tissue specific
promoters.

3.5. Identification DEGs in response to abiotic stresses

In order to investigate the effects of abiotic stresses of transcript level
in A. glabrata, RNA-seq was performed to quantify transcript abundance
in response to salt, cold and drought treatments (Table 1). Compared to
control samples, nearly 90,000 DEGs were identified under the criterion
of g-value < 0.001 and |log2| > 1.0. We found that the total number of
up-regulated DEGs was greater than down-regulated DEGs in all the
three treatments investigated (Fig. 5A). For example, a total of 15,208,
12,467, and 27,426 transcripts were up-regulated in response to salt,
drought and cold, respectively, while the number of down-regulated
DEGs were 8117, 5857, and 20,479, respectively (Fig. 5A). The
expression level of 7373 transcripts significantly changed in response to
all three stress treatments (Fig. 5B). In addition, many shared DEGs were
identified between two stresses, including 11,272 between salt and
drought, 13,634 between salt and cold, and 11,472 between drought
and cold (Fig. 5B).

A GO enrichment analysis of the DEGs identified the top 20 enriched
GO categories associated with drought and salt response (Fig. 6), and
most of them were related to cell structure and metabolism. Among
these categories, “cell wall organization or biogenesis”, “cell wall or-
ganization” and “external encapsulating structure organization” were
detected as the most enriched terms in response to drought (Fig. 6).

Pod
(56398) Leaf

(6108=

\.
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Interestingly, these three GO terms also represented the most enriched
terms in salt treatment (Fig. 6). Some metabolic related GO-enriched
terms such as “cellulose metabolic process” and “glucan metabolic
process” were common in both drought and salt treatments (Fig. 6).

In case of low temperature stress, most of the enriched GO terms
related to signal transduction (Fig. 7) which exhibited large differences
from those in salt and drought stresses. In response to low temperature,
“signaling receptor activity”, “receptor activity”, “molecular transducer
activity”, “DNA binding transcription factor activity”, and “signal
transducer activity” ranked the top five enriched GO terms. KEGG
pathway enrichment analysis showed that the pathways related to
circadian rhythm, photosynthesis-antenna proteins, and plant hormone
signal transduction were enriched. It is worth mentioning that more
than 1200 DEGs were identified in the pathway of plant hormone signal
transduction which was inconsistent with GO results (Fig. 7). In addi-
tion, some metabolic-related pathways were also enriched in response to
low temperature, such as carotenoid biosynthesis, lipid metabolism,
thiamine metabolism, starch and sucrose metabolism, and sulfur meta-
bolism (Fig. 7).

3.6. Identification of DEGs in response to leaf spot

To determine the genes in response to leaf spot disease, RNA-seq was
performed and approximately 22 million reads were generated from
samples before and after infection with leaf spot, and more than 90% of
the reads were mapped to the reference transcriptome of A. glabrata
(Table 1). A total of 56,640 and 53,697 transcripts were detected in
control and treatment libraries, respectively. Based on the standard of q-
value < 0.001 and |log2| > 1.0, a total of 23,160 DEGs were detected
between control and treatment libraries, with 8807 up-regulated and
14,353 down-regulated genes (Supplementary Table S5). KEGG analysis
showed that ten pathways were enriched in response to leaf spot disease,
and most of them were involved in the metabolism, such as “starch and

~

1039

Fig. 3. Venny analysis to identify specific and common expressed transcripts in different tissues.
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Table 1
Data generated by RNA-seq.

Parts /treatments Clean reads (Mb) and mapping in isoforms (%)

Replication 1 Replication 2 Replication 3

Plant parts

Root 21.33 21.21 21.21
(89.52%) (86.97%) (84.12%)
Stem 21.25 21.25 21.30
(86.10%) (91.19%) (75.37%)
Leaf 21.20 21.22 21.33
(91.06%) (91.65%) (90.56%)
Flower 21.19 23.02 21.09
(88.55%) (88.28%) (90.77%)
Peg 21.10 23.08 21.09
(90.59%) (89.24%) (85.58%)
Pod 23.12 21.16 21.11
(91.68%) (88.27%) (88.85%)
Abiotic stress
Abiotic stress-control 23.02 22.94 21.24
(ABC) (92.78%) (91.92%) (92.33%)
Cold 21.25 21.18 21.19
(86.90%) (88.72%) (88.37%)
Salt 21.21 21.28 21.28
(89.43%) (90.78%) (92.74%)
Drought 21.24 21.23 21.24
(91.48%) (90.77%) (90.72%)
Biotic stress (infected with
leaf spot)
Biotic stress-control (BC) 21.02 22.84 22.99
(91.77%) (91.65%) (92.32%)
Treatment with leaf spot 22.80 23.01 22.95
(LS) (90.54%) (91.75%) (91.45%)

sucrose metabolism”, “amino sugar and nucleotide sugar metabolism”,
“glycosaminoglycan degradation”, “cutin, suberine and wax biosyn-
thesis”, and “sphingolipid metabolism” (Table 2). Interestingly, many of
these pathways have been reported to play important roles in plant
defense responses against pathogens. For example, sphingolipids were
involved in the regulation of plant programmed cell death (PCD) and
defense responses [51], while cutin and wax were identified as impor-
tant components perceived by invading pathogens [52-54]. In addition,
“plant-pathogen interaction pathway” containing 561 DEGs was also
enriched. In plants, mitogen-activated protein kinases (MAPKs) were
involved in growth, development, and responses to stresses. Some
MAPKs can induce the expression of defense genes and cause cell death.
Here, we found that “MAPK signaling pathway” was enriched, which
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contained 583 DEGs (Table 2).

The NBS-LRR genes are known as one of the largest disease resistance
family in plants. We analyzed the expression profiles of NBS-LRR genes
in response to leaf spot disease infection. Under the standard of
FPKM>1.0 in control or treatment samples, a total 426 NBS-LRR genes
were detected. Of these, 124 genes showed significant change in
expression after infection with leaf spot disease under the standard of q-
value < 0.001 and |log2| > 1.0, including 74 up-regulated and 50 down-
regulated genes (Supplementary Table S6). Annotation results showed
that many of these differentially expressed NBS-LRR genes were found
homologous with the R genes of other species. For example, Agt 61258
encoding a TIR-NBS-LRR gene demonstrated high homology with the
TMV resistance protein N transcripts X2 (XP_020987325.1) of
A. duranensis, and was significantly induced (logo = 9) by leaf spot
disease. Similarly, Agt 2690 showed high homology with the NBS-LRR
protein (MTR_5g071220) of Medicago truncatula and RGAl
(XP_016175578.1) of A. duranensis. However, the expression of
Agt 2690 decreased after the plant was infected (Supplementary
Table S6). A. glabrata is considered to be one of the most adaptable wild
species and immune to leaf spot diseases. Our data provided important
information to identify NBS-LRR to improve the resistance of cultivars.

4. Discussion

The Arachis genus contains nine sections, and so far efforts have only
been made to develop genomic and transcriptomic resources for only
section Arachis. Recognizing the value of species A. glabrata may
contribute to the genetic improvement of cultivated peanuts as well as
their use as ground cover and ornamental crops. The availability of
transcriptome assembly and gene expression studies against several
stresses will facilitate and encourage other such genomic and functional
genomic studies. In addition, the transcriptomic resources could be
crucial for testing the quality and reliability of the reference genome
assembly of A. glabrata in future.

4.1. De novo full length transcriptome assembly to understand, use, and
improve A. glabrata

The past few decades have witnessed immense progress in
sequencing technology. Pacific BioSciences (PacBio) sequencing has
emerged as one of the best third-generation single-molecule real-time
(SMRT) platforms. Compared with second-generation technology, Pac-
Bio sequencing can generate long-read sequences and avoid the complex
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Fig. 6. GO enrichment of DEGs in response to (A) drought and (B) salt.

assembly process [30]. PacBio RS II is the first commercialized third-
generation DNA sequencer providing multiple advantages in many
plant species, such as maize [55], Arabidopsis pumila [31], moso bamboo
[34] and danshen (Salvia miltiorrhiza Bunge) [37]. A. glabrata with its
high resistance to biotic and abiotic stresses, is an import gene resource
to improve the resistance of cultivated peanut. However, there is
currently scant knowledge about genome and transcriptome. In this
study, we performed the transcriptome investigation of A. glabrata using
PacBio Sequel and obtained a reference transcriptome for it. We further
analyzed the global gene expression profiles in different tissues and in
response to drought, salt, low temperature, and leaf spot disease.
Thousands of tissue specific genes and DEGs in response to various
stresses were identified. This is the first report on the A. glabrata tran-
scriptome and unveils a valuable reference for gene identification and
checking the quality of the whole genome sequencing of A. glabrata for
future research.

Although A. glabrata’s importance in peanut genetic improvement
has long been recognized, the genetic background, ploidy, and molec-
ular mechanisms of disease resistance remained unknown. Meiotic
analysis has suggested that this species may have an autopolyploid
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origin with different degrees of diploidization, and its polyploid nature
remains controversial [3]. In this study, we compared the transcriptome
of A. glabrata with the genome sequences of cultivated tetraploid peanut
“Tifrunner” and two diploid ancestral species of peanut, A. ipaensis and
A. duranensis. Our results indicated that there was a large difference
between the transcriptome of A. glabrata and the species of section
Arachis. A. glabrata was closer to B genome than A genome.

In this study, a total of 109,747 unique transcripts of A. glabrata were
obtained, and 90,566 transcripts were in line with known proteins.
Notably, 51,963 and 35,242 transcripts consistently matched with the
gene models of the diploid ancestral species of peanut, A. ipaensis and
A. duranensis, respectively. The total gene numbers of A. ipaensis and
A. duranensis were about 37,839 and 38,970, respectively. Based on the
number of genes of the assembled transcriptome, we predicted that
A. glabrata should be tetraploid. In another project, we determined the
genome size of different Arachis species using flow cytometry (FCM).
Our results showed that the genomes of diploid species A. duranensis and
A. ipaensis were found in the range of 1.26 Gb and 1.62 Gb, respectively.
The genome of A. glabrata is about 2.438 Gb, which is similar in size to
those of the tetraploid wild species A. monticola (2.78 Gb) and tetraploid
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cultivated species Tifrunner (2.74 Gb). So the FCM results also suggest
A. glabrata being tetraploid. These results will help in unraveling the
mysteries of ploidy, genome, and evolution of A. glabrata.

4.2. Prediction of isoforms of alternative splicing (AS) and alternative
polyadenylation (APA) using the reference of Arachis hypogaea L.

Alternative splicing can generate more transcripts from a single gene
and therefore enhances proteome diversity [56,57]. In Arabidopsis, at
least 42% of intron-containing genes are alternatively spliced [58]. The
splicing factors are involved during most of the plant processes,
particularly in the adaptation to stresses [59,60]. Alternative poly-
adenylation is another important way of post-transcriptional regulation
for proteomic diversity and contributes to many biological processes and
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Agt_56579

Fig. 8. Heat map showing the relative expression level of polyphenol oxidase
genes in response to stresses.

stress response [61,62]. The PacBio SMRT sequencing platform can
generate long reads and could capture intact mRNA sequences; hence it
is very effective for the identification of AS and APA [33,34]. A total of
84,714 transcripts could be mapped with the genome of Tifrunner, and
54,847 AS events were identified by comparing with the reference
genome of Tifrunner. The results showed that approximately 17,881
genes contain alternative splicing. According to the classification
method described in Asprofile v1.0 (http://ccb.jhu.edu/software/A
Sprofile/), 12 types of AS events were identified (Supplementary


http://ccb.jhu.edu/software/ASprofile/
http://ccb.jhu.edu/software/ASprofile/

C. Zhao et al.

Table S7). Among them, AS of the first exon and last exon were the two
most abundant types, accounting for more than 74.31% of all AS events.
In addition, a total of 4690 and 996 single and multiple intron retention
AS events were detected, respectively (Supplementary Table S7). A total
of 35,731 polyadenylation sites from 14,384 genes were identified
(Supplementary Fig. S3). Our data provides valuable resources for
further studies on the variation of the proteome and the function of
different spliceosome in A. glabrata.

4.3. Identifying polyphenol oxidases for forage quality improvement and
to reveal the mechanism of resistance

A. glabrata is a good peanut species for forage production and as a
cover crop for erosion control in row crops and groves, and to stabilize
roadsides, engineering structures, parks, and highways. As a forage
grass, its leaves contain more rumen undegraded protein (RUP) than
other legume forages such as alfalfa (Medicago sativa L.) [63]. Greater
RUP can increase the efficiency of nitrogen utilization by ruminants.
Previous studies have shown that A. glabrata contains polyphenol oxi-
dase (PPO) and PPO substrates that might be contributing to increasing
RUP content [63]. However, the molecular mechanism governing the
metabolism of PPO and RUP remained unclear. In addition, PPO has
been known to be involved in plant disease resistance [64,65]. For
example, overexpression of PPO in transgenic tomato enhanced bacte-
rial disease resistance [66]. This study identified 30 PPO encoding
genes, and most of them indicated resistance to biotic or abiotic stresses
(Supplementary Table S8). Interestingly, most of them were down-
regulated after leaf spot disease infection, while a majority of them
were up-regulated in response to cold treatment (Fig. 8, Supplementary
Table S8). Further functional studies of these PPO genes will provide
clues to understanding A. glabrata’s forage quality and mechanism of
disease resistance.

5. Conclusions

In this study, we used PacBio SMRT and RNA-seq technologies to
study the transcriptome and gene expression dynamics of A. glabrata. In
total, 109,747 unique isoforms were identified which represented more
than 90,566 full length transcripts, thousands of tissue specific tran-
scripts, thousands of R genes, and TFs coding genes, and 30 polyphenol
oxidase genes. We also revealed the gene expression profiles of
A. glabrata in response to drought, salt, cold, and leaf spot disease. This is
the first report of A. glabrata transcriptome that will facilitate its genetic
organization, gene cloning, and whole genome sequencing for future
studies.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ygeno.2021.03.030.
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