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Abstract: Research Highlights: For the first time, the complete chloroplast (cp) genome of Carya 
illinoinensis cv. ‘Pawnee’ was de novo assembled. Comprehensive analysis the cp genome of C. 
illinoinensis revealed potential cpDNA markers for intraspecies identification, genes involved in 
adaptation, and its phylogenetic position. Background and Objectives: C. illinoinensis is an 
economically important nut tree in the family Juglandaceae. Cp-derived markers are helpful for 
genetic research, but they still need to be developed in C. illinoinensis. Additionally, the adaptation 
and phylogenetic relationships of C. illinoinensis have not been revealed based on the complete cp 
genome. Materials and Methods: Chloroplast genomic DNA of C. illinoinensis cv. ‘Pawnee’ was 
extracted and subjected to Illumina sequencing. Results: The cp genome is 160,819 bp in size, 
exhibiting a typical quadripartite structure with a large single copy (LSC) of 90,022 bp, a small single 
copy (SSC) of 18,791 bp, and a pair of inverted repeats (IRA and IRB) regions of 26,003 bp each. The 
genome was predicted to encode 112 unique genes, including 79 protein-coding genes, 29 tRNAs, 
and four rRNAs, with 19 duplicates in the IR regions. In total, 213 SSRs and 44 long repeats were 
identified in the cp genome. A comparison of two different C. illinoinensis genotypes, ‘Pawnee’ and 
87MX3-2.11, obtained 143 SNPs and 74 indels. The highly variable regions such as atpF, clpP, and 
ndhA genes, and matK-rps16, trnS-trnG, and trnT-psbD intergenic spacers might be helpful for future 
intraspecific identification. Positive selection was acting on the ccsA and rps12 cp genes based on the 
Ka/Ks ratios. Phylogenetic analysis indicated that C. illinoinensis forms a sister clade to Asian Carya 
species, represented by C. kweichowensis and Annamocarya sinensis. Conclusions: The genome 
information in our study will have significance for further research on the intraspecies identification 
and genetic improvement of C. illinoinensis. 
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1. Introduction 

The chloroplast (cp) is a multifunctional organelle in green plants with critical roles in carbon 
fixation and conversion of light into chemical energy [1]. It possesses an independent circular genome 
that is featured by maternal inheritance and a relatively stable structure [2]. Cp genomes of 
angiosperms typically consist of two copies of inverted repeats (IRs), which are divided by a large 
single-copy (LSC) region and a small single-copy (SSC) region. Generally, cp genomes of land plants 
have sizes of 120–160 kb and encode 110–130 unique genes [3]. Because of the small genome size, 
maternal transmission, slow evolutionary rate of change and less recombination for most 
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angiosperms, the cp genome is suitable for species identification, phylogenetic analysis, and 
exploring the genetic basis of climatic adaptation [1,4,5]. The rapid development of sequencing 
technology has made it easy to gain the cp sequence of a plant. Within the Juglandaceae family, the 
complete cp genomes of several species have already been released in GenBank. 

C. illinoinensis, commonly known as pecan, is a famous nut tree, the fruits of which are abundant 
in healthy unsaturated fatty acids and have a delicious taste. C. illinoinensis belongs to the 
Juglandaceae family, which is native to North America [6]. It was introduced to China at the end of 
19th century. After years of observation and assessment, C. illinoinensis is proved to be suitable for 
planting in the southern area of the Yangtze River valley, including Jiangsu, Anhui, Zhejiang, and 
Jiangxi provinces. C. cathayensis, a native nut tree in China, is narrowly distributed in eastern China 
in the hilly areas between Zhejiang and Anhui provinces [7], which shows a very limited adaptive 
range relative to C. illinoinensis. Cultivation of C. illinoinensis would enrich the diversity of nut trees 
in China. 

Historically, C. illinoinensis was mainly used for street planting in China. Nowadays, as the 
breakthrough in grafting [8,9] and a high interest in its fruits, C. illinoinensis was mainly planted as a 
fruit tree. There are quite a lot of C. illinoinensis genotypes in China. Selection of suitable cultivars of 
C. illinoinensis is critical for orchard construction, however, it is very difficult to distinguish different 
cultivars simply based on the morphological observation. Therefore, there is a need to develop 
genetic markers for intraspecific identification of C. illinoinensis genotypes. 

Based on the geographical distribution and the morphology of flowers, the genus Carya could 
be divided into three sections: sect. Apocarya, sect. Carya, and sect. Sinocarya [10]. Plants of sect. 
Apocarya and sect. Carya, which have bud scales, are distributed in North America. Sect. Sinocarya 
plants have naked buds, and are located in Asian regions [11]. C. illinoinensis is a typical plant of the 
sect. Apocarya. Some researchers have revealed the phylogenetic position of C. illinoinensis according 
to several cp-derived markers [10,12]. However, using a limited number of cp-derived markers is still 
not sufficient for fully revealing the phylogenetic relationship within Juglandaceae. The complete cp 
sequence can offer a great number of molecular loci, which is of importance for enhancing 
phylogenetic accuracy. In this study, we sequenced and de novo assembled the cp genome of C. 
illinoinensis. cv. ‘Pawnee’. Besides the structure analysis, highly variable cp genome regions were 
identified between the genotypes of ‘Pawnee’ and 87MX3-2.11 (prior cp genome in GenBank). 
Additionally, a comparative analysis of the cp genome of C. illinoinensis with related species was 
conducted to understand its adaptation and phylogenetic relationships. 

2. Materials and Methods 

2.1. Plant Material and Chloroplast Genome Sequencing 

Fresh leaves of C. illinoinensis cv. ‘Pawnee’ were collected from the experimental farm of Nanjing 
botanical garden, Jiangsu Province, China. Chloroplast genomic DNA was extracted according to an 
improved isolation approach [13]. The DNA integrity, purity, and concentration were analyzed by 
1% agarose-gel electrophoresis, a NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA, 
USA), and a Qubit fluorometer (Life Technologies, Darmstadt, Germany), respectively. For Illumina 
sequencing, 1 μg of purified DNA was fragmented into 300 bp (base pair) pieces, and the fragmented 
DNA was used to construct pair-end libraries with 300 bp insert size following the manufacturer’s 
instructions (Illumina, USA). The sequencing of chloroplast genome of C. illinoinensis was performed 
on the Illumina Hiseq 4000 platform (Biozeron, Shanghai, China). After the completion of sequencing, 
raw data were processed to obtain clean reads through filtering out as follows: the adapter sequences 
and non-ATCG nucleotides at the 5’ end of reads, sequences with quality value less than Q20 at the 
3’ ends of reads, reads containing uncalled bases, and reads less than 50 bp after mass trimming. 

2.2. Chloroplast Genome Assembly and Annotation 

The initial assembly of contigs was conducted using SOAPdenovo software (v 2.04) [14]. Then, 
contigs were blasted to the reference cp genome of C. illinoinensis (genotype, 87MX3-2.11), and the 
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aligned contigs with high similarity (≥80%) were ordered based on the reference genome. The gaps 
and incorrect bases of the resulting draft cp genome of C. illinoinensis were repaired using GapCloser 
software (v1.12). Finally, we obtained a circular cp genome of C. illinoinensis with unambiguous bases. 

An online DOGMA tool [15] was used to annotate the C. illinoinensis cp genes, including predict 
protein-coding genes, transfer RNA (tRNA) genes, and ribosome RNA (rRNA) genes. The start and 
stop codons together with exon/intron boundaries of annotated genes were determined through 
comparison with the corresponding homologous genes of other closely related cp genomes. 
Additionally, tRNA genes were further confirmed by tRNAscan-SE [16]. A circular map of C. 
illinoinensis cp genome map was generated with OrganellarGenomeDRAW program [17]. The 
complete cp genomic sequence of C. illinoinensis was deposited in GenBank with accession number 
MN977124. 

2.3. Repeat Sequence Analysis and Codon Usage Analysis 

Simple sequence repeats (SSRs) were identified by MISA software with the following 
parameters: at least 8 repeat units for mono-nucleotides, 5 repeat units for di-nucleotides, 4 repeat 
units for tri- nucleotides, and 3 repeat units for tetra-, penta-, and hexa-nucleotides. Repeat sequences, 
which included forward, reverse, complement, and palindromic repeats were analyzed by an online 
REPuter software with minimal repeat size of 30 bp and hamming distance of 3. 

Relative Synonymous Codon Usage (RSCU) was a critical parameter to perform synonymous 
codon usage analysis. In our study, the protein-coding genes were used to analyze the RSCU with 
CodonW1.4.2 program. 

2.4. SNP and Indel Detection 

To develop intraspecific markers for distinguishing the genotypes of C. illinoinensis, the prior cp 
genome (genotype, 87MX3-2.11) in GenBank (MH909600) was selected for SNP and indel markers 
detection with our newly assembly cp genome as a reference. MUMmer4 software [18] was applied 
to perform a global alignment. Any sites that showed a difference between each chloroplast genome 
and the reference genome were identified to be potential SNPs. Then, the reference sequences with 
100 bp in length on each side of the potential SNP site were extracted. The extracted sequences were 
aligned to the assembly results so as to verify the SNP loci. If the size of the alignment was not larger 
than 100 bp, the sequence was considered to be unreliable SNP and would be removed; if the 
alignment was repeated several times, the SNP was regarded as a duplicate and also discarded. After 
those filtering, reliable SNPs were obtained. 

For indel detection, LASTZ software was first adopted to align the sample and reference 
sequences. Following a series treatment with axt_correction, axtSort, and axtBest programs, the best 
alignment results were selected and the preliminary indels were identified. Then, 150 bp upstream 
and downstream of the indel locus in the reference sequence were retrieved and aligned with the 
sequence reads by BWA [19] and SAMtools to obtain reliable indels. 

2.5. Chloroplast Genome Comparison 

The complete cp genome of C. illinoinensis was compared with the cp genomes of Annamocarya 
sinensis (KX703001), Platycarya strobilacea (KX868670), J. regia (MF167463), and C. kweichowensis 
(NC_040864) in Juglandaceae by using the mVISTA tool with the Shuffle-LAGAN mode [20]. These 
species were also used to compare the LSC/IRB/SSC/IRA region borders with C. illinoinensis as a 
reference. 

2.6. Molecular Evolution and Phylogenetic Analysis 

To compute non-synonymous (Ka) and synonymous (Ks) substitution rates, the functional 
protein-coding genes in the cp genome of C. illinoinensis were compared with its close relative: A. 
sinensis, P. strobilacea, J. regia, and C. kweichowensis. The Ka/Ks values for each gene were estimated 
by the KaKs_Calculator [21] with default setting. For phylogenetic analysis, the cp genomes of 18 
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species were downloaded from the National Center for Biotechnology Information. Setting Populus 
trichocarpa as outgroup, a phylogenetic tree was constructed based on the population SNP matrix of 
the studied species. Maximum likelihood (ML) model with 1000 bootstrap replicates was conducted 
to construct phylogenetic trees by PhyML software (v3.0) [22]. 

3. Results and Discussion 

3.1. Chloroplast Genome Features of C. illinoinensis 

The complete chloroplast genome of C. illinoinensis cv. ‘Pawnee’ was a circular double-stranded 
DNA molecule with 160,819 bp in length. Just like other angiosperms, the circular cp genome of C. 
illinoinensis presented a typical quadripartite structure with an LSC (90,022 bp), an SSC (18,791 bp) 
and a pair of IR regions (IRA and IRB, each 26,003 bp) (Figure 1 and Table 1). Overall, the C. 
illinoinensis cp genome exhibited a low GC content (36.15%), which was similar to that of other cp 
genomes from the Juglandaceae family [23–25]. Assessing the GC contents of LSC, SSC and IR regions 
showed that the IR regions contained a higher GC content (42.58%) than those of the LSC (33.74%) 
and SSC (29.89%), which seemed to be a common phenomenon [26–28]. This might be attributed to 
the genes of rRNA and tRNA having a relative high GC-content [29], and they occupied a greater 
area than the protein-coding genes in the IR regions. 

Table 1. Summary of the C. illinoinensis chloroplast genome features. 

Genome Features C. illinoinensis 
Genome size (bp)/GC content (%) 160,819/36.15 
LSC size (bp)/GC content (%) 90,022/33.74 
SSC size (bp)/GC content (%) 18,791/29.89 
IR size (bp)/GC content (%) 26,003/42.58 
Total gene number 131 
Unique gene number 112 
Protein-coding gene 79 
tRNAs 29 
rRNAs 4 
Genes duplicated in IR 19 

LSC, large single copy region; SSC, small single copy region; IR, inverted repeat. 

The chloroplast genome of C. illinoinensis was predicted to encode 131 genes, with 112 
unique/different ones (including 79 protein coding genes, 29 tRNAs, and four rRNAs) and 19 ones 
duplicated in the IR regions (Tables 1 and 2). Among the 19 duplicated genes, seven were protein-
coding genes, eight and four were tRNAs, rRNAs, respectively (Table 2). As generally seen in other 
land plants [4,27,30], there were 18 intron-containing genes in C. illinoinensis cp genome, including 6 
tRNA genes and 12 protein-coding genes, of which 16 genes comprised a single intron and 2 genes 
(ycf3 and clpP) had two introns (Table 2). The intron of trnK-UUU gene, which included the matK 
gene, was the longest, reaching 2559 bp. As previously described [28,31,32], rps12 was a trans-spliced 
gene with one exon located in the LSC region (5′end) and the other two exons (separated by an intron) 
located in both of the IR regions. ycf15 was identified as pseudogene, in which several internal stop 
codons were detected. Similar mutations were also observed in the chloroplast genome of other tree 
species, such as J. regia [30], Phoenix dactylifera [33], and Pteroceltis tatarinowii [34]. 
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Figure 1. Gene map of C. illinoinensis chloroplast genome. Genes drawn inside and outside of the 
circle are transcribed in the clockwise and counterclockwise directions, respectively. Genes belonging 
to different functional groups are color coded. The darker and lighter gray in the inner circle 
corresponds to GC and AT content, respectively. LSC, large single copy region; SSC, small single copy 
region; IR, inverted repeat. 

Table 2. List of genes in the chloroplast genome of C. illinoinensis. 

Groups of Genes Name of Genes 

Transfer RNAs 

trnA-UGCab, trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA, trnfM-CAU, 
trnG-GCCab, trnH-GUG, trnI-CAUa, trnI-GAUab, trnK-UUUb, trnL-CAAa, 
trnL-UAG, trnL-UAAb, trnM-CAU, trnN-GUUa, trnP-UGG, trnQ-UUG, 
trnR-ACGa, trnR-UCU, trnS-GCU, trnS-UGA, trnS-GGA, trnT-GGU, 
trnT-UGU, trnV-GACa, trnV-UACb, trnW-CCA, trnY-GUA 

ribosomal RNAs rrn4.5Sa, rrn5Sa, rrn16Sa, rrn23Sa 

Ribosomal protein small subunit 
rps2, rps3, rps4, rps7a, rps8, rps11, rps12abc, rps14, rps15, rps16b, rps18, 
rps19 

Ribosomal protein large subunit rpl2ab, rpl14, rpl16b, rpl20, rpl22, rpl23a, rpl32, rpl33, rpl36 
Subunits of RNA polymerase rpoB, rpoA, rpoC1b, rpoC2 
Photosystem I psaA, psaB, psaC, psaI, psaJ, ycf3b, ycf4 

Photosystem II 
psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, psbK, psbL, 
psbM, psbN, psbT, psbZ 

Cythochrome b/f complex petA, petBb, petDb, petG, petL, petN 
ATP synthase atpA, atpB, atpE, atpFb, atpH, atpI 

NADH-dehydrogenase 
ndhAb, ndhBab, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhI, ndhJ, 
ndhK 

Large subunit Rubisco rbcL 
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Acetyl-CoA carboxylase accD 
Maturase matK 
Inner membrane protein cemA 
ATP-dependent protease clpPb 
Cytochrome c biogenesis ccsA 
Conserved open reading frames ycf1, ycf2a, ycf15ad 

a Two gene copies in IRs; b Genes containing introns; c Genes divided into two independent 
transcription units; d Pseudogene. 

Gene gain or loss could be found in cp genomes during evolution [28]. Compared to the cp 
genome of other C. illinoinensis genotype (87MX3-2.11) in GenBank, we identified no gene gain or 
loss events happened, indicating that the cp genome was highly conserved within species. A 
comparison of our assembly to that of other species (A. sinensis, P. strobilacea, J. regia, and C. 
kweichowensis) in Juglandaceae revealed that the kinds of genes in the cp genomes were generally the 
same among species, except that infA gene was specifically included in the cp genome of J. regia. The 
infA gene, which encodes the translation initiation factor, is invloved in protein synthesis [35]. It has 
been reported to be a highly mobile cp gene [36]. The loss of infA in C. illinoinensis may be caused by 
its transfer to nuclear genome. We also compared our cp genome with the model plant of Nicotiana 
sylvestris (NC_007500) [37], and the result showed that sprA has been lost in C. illinoinensis during 
evolution. The sprA gene encodes a small RNA of 218 bp, which was reported to facilitate 16S rRNA 
maturation [38]. Despite its involvement in the maturation of 16S rRNA, sprA was proved to be not 
essential for the normal growth of plants [39], which might be the reason that some vascular plants 
have abandoned this gene [40]. 

3.2. SSR and Long Repeats Identification 

There are short repeats (the length of the repeat unit often contains one to six nucleotides) and 
long repeats (the size of the repeat unit generally has 10–100 nucleotides) [41]. SSRs or microsatellites 
are short tandem repeats. In C. illinoinensis cp genome, a total of 213 SSRs were identified by MISA, 
of which, there were 189 mononucleotides, 15 dinucleotides, five trinucleotides, two tetranucleotides, 
one pentanucleotide, and one hexanucleotide with a size of at least 8 bp (Figure 2A and Table S1). 
This result was accordant with an earlier report that tri-, tetra-, penta-, and hexa-nucleotide type SSRs 
were detected at low rates in cp genomes, while most were mono- and di-nucleotide type SSRs [42]. 
Compound SSRs consisted of two or more combinations of SSRs with maximum interruption 
distances of 100 bp [27]. In our study, 111 individual SSRs could form 45 compound SSRs (Table S1). 
The A/T type mononucleotides were the most abundant SSRs, accounting 84.98% (181/213) (Figure 
2B). This was similar to the finding that the main types of SSRs in cp genomes were short polyadenine 
(polyA) or polythymine (polyT) repeats [43]. Apart from the mononucleotide SSR, the repeat units of 
other types of SSR were mainly constituted of A or T bases, which might lead to A/T enrichment in 
the C. illinoinensis cp genome. As shown in Figure 2C, we detected that LSC, SSC, and IR regions 
possessed 155, 36, and 22 SSRs, respectively. There were 164, 28, and 21 SSRs separately located in 
the intergenic regions, introns, and coding sequences (Figure 2D). Consistent with previous report 
[44], SSRs identified in C. illinoinensis cp genome were mainly located in the LSC regions, and were 
rich in the noncoding region. The primers provided for the C. illinoinensis cp genome SSRs in Table 
S1, as reported, would be helpful for future population genetic studies, polymorphism investigations, 
and evolution analysis [45–47]. 

Long repeats are considered to be uncommon in cp genomes for most of land plants [4]. 
Altogether, 44 long repeats were identified in C. illinoinensis cp genome, including 25 forward repeats, 
18 palindromic repeats, and one complementary repeat (Table S2). Most of the repeats had two copy 
numbers, only two repeats contained three copy numbers (Table S2). For the detected long repeats, 
30 repeats were 30–39 bp in size, eight repeats were 40–49 bp, and six repeats were more than 50 bp 
(the longest was 86 bp) (Table S2). In total, there were 18 repeats that were concentrated in the coding 
regions of trnS-UGA, trnS-GCU, trnS-GGA, psaB, psaA, rrn4.5S, and ycf2, while the rest of the repeats 
were located in noncoding regions (Table S2). ycf2 owned the greatest number of coding regions-
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located repeats (Table S2), which might be attributed to a relatively long size of ycf2 sequence (6846 
bp). This result was in line with the finding in Nasturtium officinale [26], Citrus sinensis [48], and Ananas 
comosus [27]. 

 
Figure 2. Distribution of SSRs in the chloroplast genomes of C. illinoinensis. (A) Number of different 
SSR types detected in cp genome; (B) Number of SSRs in different repeat class types; (C) Number of 
SSRs in different genomic regions; (D) Number of SSRs in intergenic regions, introns, and coding 
sequences. 

3.3. Codon Preference Analysis 

Generally, an amino acid is encoded by more than one codon (synonymous codon) in an 
organism, and this phenomenon is referred to as codon degeneracy. The degeneracy of codon is of 
biological importance for plants, as it could reduce the effects of deleterious mutation. In the absence 
of selective pressure, there is no bias in codon usage, and the usage probability of synonymous codon 
is equal [49]. However, the use of synonymous codon generally exhibited preference during plant 
evolution [50]. The relative synonymous codon usage (RSCU), as an effective index to detect codon 
preference, is the ratio between the observed and the expected frequency of a specific codon [51]. In 
C. illinoinensis cp genome, there were 26,250 codons, and 64 kinds of codons encoding 20 amino acids 
(Table 3). As reported, when RSCU ≤ 1.0, it signifies no preference, 1.0 < RSCU < 1.2 indicates low 
preference, 1.2 ≤ RSCU ≤ 1.3 means moderate preference, and RSCU > 1.3 represents high preference 
[49]. Totally, 30 kinds of codons had RSCU values > 1 in our study, of which, 3 exhibited small 
preference with RSCU values in a range of one to 1.2, 6 were median preference with RSCU values 
between 1.2 and 1.3, and 21 showed strong preference with RSCU values varied from 1.3 to 1.91 
(Table 3). Codons displaying preference may be one of the reasons for the relative conservation of the 
cp gene. Interestingly, except TTG was G-ending, all the codons that showed preference were A/T 
ending, which is probably a common phenomenon in cp genomes [26,27]. 
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Table 3. Codon usage in C. illinoinensis. 

Amino Acids Codon NO. RSCU Amino Acids Codon NO. RSCU 
Ala GCA 393 1.1293 Pro CCA 303 1.1211 
Ala GCC 201 0.5775 Pro CCC 209 0.7733 
Ala GCG 157 0.4511 Pro CCG 154 0.5698 
Ala GCT 641 1.8419 Pro CCT 415 1.5356 
Cys TGC 78 0.5182 Gln CAA 734 1.5633 
Cys TGT 223 1.4817 Gln CAG 205 0.4366 
Asp GAC 212 0.3962 Arg AGA 488 1.8614 
Asp GAT 858 1.6037 Arg AGG 167 0.6369 
Glu GAA 1020 1.4988 Arg CGA 360 1.3731 
Glu GAG 341 0.5011 Arg CGC 103 0.3928 
Pro TTC 517 0.6991 Arg CGG 115 0.4386 
Pro TTT 962 1.3008 Arg CGT 340 1.2968 
Gly GGA 725 1.6467 Ser AGC 127 0.381 
Gly GGC 180 0.4088 Ser AGT 403 1.209 
Gly GGG 270 0.6132 Ser TCA 407 1.221 
Gly GGT 586 1.331 Ser TCC 321 0.963 
His CAC 131 0.4192 Ser TCG 182 0.546 
His CAT 494 1.5808 Ser TCT 560 1.68 
Ile ATA 759 0.9734 STOP TAA 43 1.4999 
Ile ATC 443 0.5681 STOP TAG 23 0.8023 
Ile ATT 1137 1.4583 STOP TGA 20 0.6976 
Lys AAA 1047 1.483 Thr ACA 391 1.2095 
Lys AAG 365 0.5169 Thr ACC 230 0.7115 
Leu CTA 374 0.8054 Thr ACG 143 0.4423 
Leu CTC 187 0.4027 Thr ACT 529 1.6365 
Leu CTG 177 0.3811 Val GTA 546 1.5611 
Leu CTT 602 1.2964 Val GTC 169 0.4832 
Leu TTA 887 1.9102 Val GTG 180 0.5146 
Leu TTG 559 1.2038 Val GTT 504 1.441 
Met ATG 607 1 Trp TGG 463 1 
Asn AAC 297 0.4608 Tyr TAC 202 0.4064 
Asn AAT 992 1.5391 Tyr TAT 792 1.5935 

3.4. SNP and Indel Detection 

Evaluation of SNPs and indels in the cp genome of ‘Pawnee’ relative to that of 87MX3-2.11 
genotype indicates 143 SNPs and 74 indels existed between these two genomes (Table S3). The 
intergenic regions, introns, and coding sequences embraced 129 (71 SNPs and 58 indels), 28 (14 SNPs 
and 14 indels), and 60 (58 SNPs and 2 indels) variations, respectively (Table S2). The coding regions 
included 31 non-synonymous SNPs, 27 synonymous SNPs, one frame-shifted indel, and one 
damaged-stop-codon indel (Table S3). Interestingly, we found that there were more SNPs in coding 
regions than in introns. Native C. illinoinensis has a strong adaptability, which could be found north 
into Iowa, America and south to Oaxaca, Mexico. For the two genotypes, ‘Pawnee’ is a representative 
of northern cultivar, and 87MX3-2.11 could survive in the southernmost area. A relatively more SNPs 
in extrons might be associated with the great variation in adaptation for the two genotypes. 
Altogether, the comparative result demonstrated that the coding sequences were more conserved 
than the noncoding sequences (including intergenic regions and intron sequences). 

The DNA barcode provides an important marker to facilitate species identification [52]. The 
commonly used DNA barcodes from cp genomes includes four protein-coding genes (rbcL, matK, 
rpoC1, and rpoB) and three intergenic regions (trnH-psbA, psbK-psbI and atpF-atpH) [5]. In our study, 
these markers did present variations between the different genotypes of C. illinoinensis except for the 
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trnH-psbA intergenic region. Despite that, these markers seemed not to be the best candidate DNA 
barcodes for intraspecific identification of C. illinoinensis. In the present study, the coding region of 
ycf1 showed the largest number of variations (Table S3), which might be due to its long sequence 
length (5658 bp). In contrast, although atpF did not exhibit the highest variations (Table S3), it’s 
polymorphisms were within a length of 768 bp. An optimal DNA barcode should be easy to sequence 
[53], and sequence larger than 1 kb might need two sequencing runs. Considering the discriminatory 
power and sequence size of candidate markers, genes (taking intron sequences into account) such as 
atpF, clpP, and ndhA genes, and intergenic spacers including matK-rps16, trnS-trnG, and trnT-psbD 
were probably appropriate candidate markers for intraspecific differentiation of C. illinoinensis. 

3.5. Comparative Chloroplast Genome Analysis 

Multiple alignments of five Juglandaceae cp genomes were compared by mVISTA with C. 
illinoinensis as a reference. The results revealed a high degree of sequence similarity among these 
species (Figure 3), suggesting a greatly conserved evolution model for these cp genomes. In general, 
the coding regions showed less divergence than the non-coding sequences. The main divergences for 
the coding regions were matK, rpoC2, ndhD, ndhF, and ycf1. In other reports, these genes were also to 
be highly divergent among the same family species [26,54]. For the noncoding regions, the strongly 
divergent sequences were trnS-trnG, trnT-psbD, psbZ-trnG, ndhC-trnV, psbE-petL, trnN-ndhF, and 
ndhF-rpl32, which might be good candidates for Juglandaceae species identification. 

 
Figure 3. A comparison of the cp genomes among five Juglandaceae species. Gray arrows above the 
alignment indicate gene orientation. Genome regions are color-coded as exons, rRNA or tRNA, and 
non-coding sequences (CNS). Vertical scale indicates the percentage of identity ranging from 50 to 
100%. 
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3.6. IR Contraction and Expansion 

Despite the IR regions of cp genome were recognized as highly conserved, structural variation 
in the IR/SC boundary regions was very common. The contraction and expansion of the IR regions 
could give rise to size difference among cp genomes [55,56]. Comparisons of the IR/SC junctions 
among five Juglandaceae cp genomes (C. illinoinensis, C. kweichowensis, A. sinensis, J. regia, and P. 
strobilacea) were presented in Figure 4. We found that the IR regions of C. illinoinensis, A. sinensis, and 
J. regia did not exhibited major variations, and their IRa boundaries all extended into ycf1 gene, with 
extension varied from 1093 bp (C. illinoinensis) to 1154 bp (A. sinensis) (Figure 4). Correspondingly, 
for these three species, a relative longer IR sequence (26,058 bp) was found in A. sinensis, and a shorter 
IR region (26,003 bp) was included in C. illinoinensis (Figure 4). Among the five species in 
Juglandaceae, the sequences of rpl2 were completely included in the IR regions except for the P. 
strobilacea, and a significant shorter IR region (14,754 bp) could be detected in this species (Figure 4). 
We inferred the IR region of P. strobilacea experienced contraction during evolution, which might lead 
to the partial sequence of rpl2 being transferred to the LSC region. In comparison to C. illinoinensis, 
C. kweichowensis embraced a longer IR region, with a size of 40,943 bp (Figure 4), suggesting the IR 
region of this species might undergo expansion. Consequently, ccsA and trnL were moved to the IR 
regions of C. kweichowensis, while they were located in the SSC region of C. illinoinensis (Figure 1). 

 
Figure 4. Comparison of the borders of LSC, SSC, and IR regions among five Juglandaceae cp 
genomes. 

3.7. Selective Pressure in the Evolution of C. illinoinensis 

The non-synonymous substitution (Ka) to synonymous substitution (Ks) ratios were applied to 
detect the rate of difference between gene sequence. The Ka/Ks ratio can determine whether there is 
selective pressure exerting on a specific gene [55]. In most cases, synonymous changes are more likely 
to happen than the non-synonymous substitutions, marking that the ratios of Ka/Ks are commonly 
less than 1. A value of Ka/Ks < 1 is an indicative of purifying selection; when Ka/Ks = 1, it signifies a 
neutral selection; and if Ka/Ks > 1, it means that there is a positive selection on the studied gene 
[57,58]. 

A total of 79 common protein-coding genes across all five Juglandaceae cp genomes were 
subjected to compute Ka/Ks ratios. In our analysis, the Ka/Ks values of several genes were NA or 50. 
This happens when the Ks values were extremely low or no substitution existed between the aligned 
sequence (100% match). In these cases, we replaced NA or 50 with 0. Overall, the Ka/Ks ratios for the 
majority (74 of 79) genes were below 1 for the four comparisons (Figure 5), indicating that purifying 
selection were acting on these genes in C. illinoinensis cp. The Ka/Ks ratios for ccsA and rps12 were 
generally more than 1 (Figure 5), indicating positive selection exerted on ccsA and rps12 in the cp 
genome of C. illinoinensis. ccsA was involved in cytochrome biosynthesis, and rps12 was related to 
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chloroplast ribosome, both of them have also been reported to play roles in the adaptation of other 
species [42,59]. 

 

 
Figure 5. The Ka/Ks ratios of 79 protein-coding genes of the C. illinoinensis cp genome vs. four 
Juglandaceae species. 

3.8. Phylogenetic Analysis 

In the present study, phylogenetic tree was constructed with SNPs from 18 species using ML 
method with P. trichocarpa as outgroup. As shown in Figure 6, C. illinoinensis formed a single clade 
and was placed as sister to A. sinensis and C. kweichowensis with a bootstrap value of 100%. 
Interestingly, C. kweichowensis grouped with A. sinensis rather than C. illinoinensis. Previously, A. 
sinensis was considered as the monotypic genus Annamocarya, however, it was a plant of the Carya 
genus based on molecular analysis [12]. Additionally, A. sinensis and C. kweichowensis were both 
reported to be the representative species of Asian sect. Sinocarya, while C. illinoinensis was a typical 
plant of the North American sect. Apocarya [60]. This might be the reason that C. illinoinensis and C. 
kweichowensis fell into two clades. 
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Figure 6. Phylogenetic tree constructed with SNPs from 18 species using maximum likelihood 
method. P. trichocarpa was set as an outgroup. Bootstrap values are shown at the nodes. 

4. Conclusions 

In this study, we analyzed the complete cp genome of C. illinoinensis cv. ‘Pawnee’. It is predicted 
to encode 112 unique genes, including 79 protein coding genes, 29 tRNAs, and four rRNAs. A total 
of 213 SSRs and 44 long repeats were identified, which could be used as potential molecular markers. 
Based on the protein-coding genes in C. illinoinensis genome, codon usage showed a biased toward 
A/T-ending. Comparative cpDNA analysis of the two C. illinoinensis genotypes, ‘Pawnee’ and 
87MX3-2.11, detected 143 SNPs and 74 indels. The highly variable regions such as atpF, clpP, and 
ndhA genes, and matK-rps16, trnS-trnG, and trnT-psbD intergenic spacers might be useful for future 
intraspecific identification of C. illinoinensis. Selection pressure analysis of genes in the cp genomes 
of Juglandaceae indicated ccsA and rps12 genes in C. illinoinensis were under positive selection. 
Phylogenetic construction results strongly supported that C. illinoinensis forms a sister clade to C. 
kweichowensis and Annamocarya sinensis. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Gene map 
of C. illinoinensis chloroplast genome, Table S1: SSRs identified in C. illinoinensis chloroplast genome, Table S2: 
Repeat sequences in the C. illinoinensis cp genome., Table S3: SNPs and indels identified in the C. illinoinensis 
genotypes of ‘Pawnee ’and 87MX3-2.11. 
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