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摘要：为探究华南地区严重入侵植物五爪金龙(Ipomoea cairica)生物入侵的分子机制，对五爪金龙及其近缘种七爪金龙(I. 

digitata)和裂叶牵牛(I. nil)进行 de novo转录组测序和组装，得到 56551 条 unigenes，其中 56522条得到注释，7815条 GO 注

释，15615条 COG注释，180201条 KEGG数据库注释。转录组分析结果表明，五爪金龙氮代谢通路关键酶基因的表达高于

对照。次生代谢关键酶(PAL、4CL、CAD、查耳酮合酶、苯基丙乙烯酮异构酶、槲皮黄 3-O-甲基转移酶等)基因在五爪金龙

与七爪金龙及裂叶牵牛中均得到协同性的差异表达，而这些代谢通路指导的产物合成对五爪金龙的抗逆境能力、生长、化感

作用等均起关键作用。关键基因的 RT-qPCR 验证结果与转录组结果具有一致性。因此，这从分子生物学层面上对解释五爪

金龙在华南地区的入侵机制提供了新的证据。 
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Abstract: To explore the molecular mechanisms of Ipomoea cairica invasiveness in south China, the de novo  

transcriptomes from I. cairica and two related species, I. digitata and I. nil, were sequenced and assembled. There 

were 56551 all-unigenes obtained by assembling the reads, among them 56522 all-unigenes were annotated,  

including 7815, 15615, and 180201 all-unigenes in GO, COG and KEGG databases, respectively. Moreover, the 

activities of NR and GS in I. cairica, key enzyme in metabolic pathway for nitrogen, were greater than those in 

related species. In addition, the transcriptome data showed that the genes of key enzymes in secondary  

metabolism, such as pal, 4cl, cad, chs, and chi, had synergic differential expression in I. cairica, I. digitata and I. 

nil. The production synthesis from metabolic pathway could play a key role in stress-resistant, growth and  

allelopathy of I. cairica. The RT-qPCR verification results of key genes were similar to those from transcriptome. 

Therefore, the result of the present research might explain partly the successful invasiveness of I. cairica in South 

China at the level of molecular biology. 
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Ipomoea cairica (Convolvulaceae) is a perennial 

herb with trumpet-shaped flowers and five-lobed leaf 

blades
[1]

. It was planted as an ornamental plant at first, 

but later became invasive. It originated in South or 

Central America, naturalized in Hong Kong in 1921, 

and is widespread in southern China
[2]

. The plant 

grows in full sun with well-drained soil, such as flat 

ground, road side and brush with sufficient sunlight. 

Unfortunately, it grows not only along the ground but 

also climbs and covers other plants. The covered plants 

are damaged and even die because of reducing sun-

light
[3]

. Due to its rapid growth, strong environmental 

adaptability, and high photosynthetic capacity, I. 

cairica has rapidly spread in tropical and subtropical 

regions and has become one of the most severe alien 

invasive plants in south China. Thus, this invasive 

species markedly reduces biodiversity and damages 

the landscapes of gardens, becoming one of the most 

detrimental weeds in southern China
[4]

, second only to 

Mikania micrantha Kunth. Ipomoea digitata, an  

annual weed, with flowers similar to I. cairica but 

5-7-lobed leaf blades, is a non-invasive species 

growing in south China. Ipomoea nil, an annual weed 

with 3-lobed leaf blades, has become widespread in 

southern China and listed as a mildly invasive plant. 

There are several protein sequences for Ipomoea 

available in GenBank, but as the total number of DNA 

and mRNA sequences is limited, we investigated the 

transcriptome of I. cairica, setting I. nil and I. digitata 

as controls, using next-generation sequencing technology 

with de novo transcriptome assembly. The assembled, 

annotated transcriptome sequences will provide a  

valuable genomic resource for further understanding 

the molecular basis of plant invasion as well as for 

conducting additional studies. 

Many reports from Brazil, Japan
[5]

, Malaysia
[6]

 

and China (Hong Kong)
[7]

 have mentioned the use of I. 

cairica in folk medicine. Most studies on I. cairica 

focused on biochemical
[1,8]

 and ecological characteristics
[3]

, 

but its genome and transcriptome has seldom been 

reported. Shekhar
 
et al.

[9]
 conducted a differential 

transcript expression analysis, but only between two  

cultivars of I. batatas. The allelopathy of I. cairica 

inhibiting seed germination has been reported, but the 

secondary metabolism of I. cairica that produces 

chemical weapons and the molecular mechanisms of 

this meta- bolism have not been studied. Two factors 

limiting further study are the lack of physiological 

comparisons between the original species in South 

America and the native species in China, and not  

understanding the reasons that I. cairica is invasive in 

southern China.         

Nitrogen, an essential element for plant growth 

and development, is one of the important indicators of 

resource capture capabilities in invasive plants. 

Therefore, this study explored the nitrogen capture 

capabilities of I. cairica by comparing this process in I. 

cairica to that in related species, I. digitata (native to 

southern China) and I. nil (mildly invasive), belonging 

to Convolvulaceae. 

 

1 Materials and methods 
 

1.1 Sample preparation and assembly 

Samples of I. cairica, I. digitata, and I. nil were 

collected from South China Normal University (Guang-

zhou, Guangdong, south China) in September, 2011 in 

a phase of rapid growth. Samples had the same growth 

vigour, young stem tips with a length from 10 cm to 

15 cm were used in this study. 

The total RNA extraction was conducted using a 

polysaccharide and polyphenol-free RNA extraction 

kit (BioTeke, Catalog number RP3201). The RNA was 

enriched using magnetic beads with Oligo(dT) frag-

mented into short segments using fragmentation buffer. 

Based on mRNA templates, the first-strand cDNA 

synthesis was conducted with random hexamers, and 

then buffer, dNTPs, RNase H and DNA polymerase I 

was introduced for the synthesis of the second cDNA 

strand. The products were purified using a QiaQuick 

PCR kit and eluted with EB buffer. The ends were 

repaired and the sequencing joints connected. The 

fragments were detected using agarose gel electro-

phoresis followed by PCR. The cDNA library was 

sequenced using an Illumina HiSeq 2000 instrument. 

Bioinformatics analyses were applied to the  
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sequencing results. The original image data were 

transformed into sequence data using base calling. 

Before assembly, adaptor sequences, meaning reads 

containing more than 10% ‘N’ (where N represents 

ambiguous bases in reads), and low quality sequences 

(reads in which more than 50% of the bases had a 

quality value<10) were removed. The 90 bp raw reads 

were then filtered to obtain high-quality clean reads. 

The short-sequencing reads were assembled using 

SOAP de novo software
[10]

. SOAP de novo first connected 

reads of significant overlap into longer fragments and 

then obtained contigs without unknown sequences (N) 

between two contigs. The reads were re-compared 

with the contigs, ensuring different contigs from the 

same transcripts and the distance of these contigs using 

paired-end reads. SOAP de novo connected these contigs, 

with the unknown sequences (N) in the middle, and 

then obtained the scaffolds. The gaps in the scaffolds 

were filled using paired-end reads, obtaining unigenes 

with the least N that could not be extended at both ends. 

The unigenes from different samples were further  

assembled with redundancies eliminated to obtain the 

longest possible unigenes with no redundancies. 

Finally, BLASTx alignment (https://blast.ncbi.nlm. 

nih.gov/Blast.cgi?PROGRAM=blastx&PAGE_TYPE=

BlastSearch&BLAST_SPEC=blast2seq&LINK_LOC= 

blasttab) was conducted to compare the unigene  

sequences to several protein databases, including non-    

redundant (nr) NCBI, Swiss-Prot, Kyoto Encyclopedia 

of Genes and Genomes (KEGG), and Cluster of Ortho- 

logous Groups (COG). BLAST matches with E-value 

scores less than 0.00001 were considered significant. 

The resulting best score for the alignment was used to 

determine the sequence direction. If contradictions 

occurred in the results from the different databases, 

then the orientation of the unigenes were determined 

following the priority scheme of nr, followed by 

Swiss-Prot, KEGG, and finally COG. If the unigenes 

were not comparable with any of these protein data-

bases, then the coding region was predicted and the 

orient of the sequence was determined using 

ESTScan
[11–12]

. For unigenes with sequence direction, 

we provided their sequences from the 5′ end to 3′ end, 

for those without any direction, we provided their  

sequences from assembly software. 

 

1.2 Functional annotation 

The unigenes were functionally annotated. The 

BLAST search for the unigenes was run against the 

COG database of proteins to predict the functional 

categories and classification statistics, obtaining the 

gene functional characteristics at the macro level. 

The nr annotated unigenes were mapped against 

the Gene Ontology (GO) database to retrieve functional 

annotations through GO terms. A statistical analysis of 

the GO terms offered the functional characteristics of 

the genes at the macro level. After obtaining the GO 

classifications, the unigenes were mapped to the KEGG 

database to determine functional annotations and generate 

corresponding pathway maps for the unigenes
[13]

, 

providing relationship information for the unigenes, the 

species and their interactions with the environment. 

 

1.3 Predictive coding protein box 

The sequence was translated into its amino acid 

sequence using a standard code table, and the nucleotide 

sequence was obtained. If none of the above databases 

were successfully blasted against the unigene, then the 

coding region was predicted to determine the orien- 

tation of the nucleotide sequence (5′ to 3′) and amino 

acid sequence using EST Scan
[11]

. 

 

1.4 Differentially expressed genes 

Differential gene expression analysis was conducted 

according to the method of Audic, et al
[14]

. The distri-

bution of P(x) follows a Poisson distribution (Eq. 1), λ 

is the number of real transcripts.  
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The probability that the expression of gene A is 
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The differences in the P-values for multiple hypo- 

thesis testing were examined, and the thresholds of  
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the P-values were decided using the false discovery rate 

(FDR) method
[15]

. After this analysis was conducted, the 

GO function and KEGG pathway were analyzed. 

The expression of the unigene was calculated using 

the RPKM method
[16] 

(Eq. 3). It can determine the 

effect of gene length and sequencing differences on 

gene expression and can be used to directly compare 

different samples. 
6

3

10 G
RPKM

( ) /10NL
                  (Eq. 3) 

When RPKM(A) is assumed to be the expression 

of unigene A, then C denotes the number of reads 

blasted to only unigene A, N denotes the total number 

of reads which could be blasted to all unigenes, and L 

denotes the number of bases in unigene A. 

 

1.5 GO and pathway analysis of differentially  

expressed genes  

The GO analysis
[17]

 of differential gene expression 

provides molecular function, biological process and 

cellular component annotations, and can also determine 

significantly enriched functions in the differentially 

expressed genes. All of the differentially expressed 

genes were first mapped onto the average terms in the 

GO database (http://www.geneontology.org/). The 

number of genes in every term was calculated and the 

significantly enriched genes were determined by 

comparing the genome with a super geometry inspection 

according to Eq. 4. 
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                (Eq. 4) 

N denotes the number of genes annotated by GO, n 

denotes the number of differentially expressed 

genes, and M denotes the number of genes annotated 

with the special GO terms in all unigenes. 

Thus, the main biological functions of the  

differentially expressed genes were determined using 

GO enrichment analysis
[17]

. 

 

1.6 Confirmation using Real-time qPCR 

Primers were designed using Primer 3.0. The primer 

sequence and gene characteristics are summarized in 

Table 1. 

The RT-PCR reactions were performed using an 

Applied Biosystems 7500 Real-time PCR system with 

SYBR
 
Premix Taq

 
(TaKaRa) in 96 connected tubes 

(TaKaRa). Each sample was analyzed in triplicate in a 

20 μL reaction volume, containing 0.5 μL of each primer, 

10 μL of SYBR Green I, 1 μL of diluted cDNA, and  

8 μL of RNase free dH2O. For each experiment, the 

endogenous control gene actin was analyzed in triplicate 

(positive control) with a non-template reaction (negative 

control) and a water only reaction (blank control). The 

relative expression levels were calculated using the 

2
–ΔΔCT method

[18]
. 

 

Table 1 Nucleotide sequences of the primers used in SYBR Green I 

RT-qPCR 

Gene Species Primer sequences (5′~3′) 

Actin I. cairica GCGGATAGAATGAGCAAGGAA 

GGGCCGGACTCATCATACTC 

I. digitata TTGTAGCACCACCTGAAAGGAAAT 

CGGACTCATCATACTCTGCCTTG 

I. nil TGTGACAATGGAACTGGAATGGT 
TTGATTGAGCTTCATCTCCGACAT 

Nitrate 

reductase 

I. cairica TCACTCGAGGTCGAGGTTC 

CTCGAGGTGTCTTTCCTTC 

I. digitata CCTTCATGAACACGGCTTCT 

TTCTTCGCCTTATCGGAGTG 

I. nil TCTTCATCTGCGCCGCCATTG 

GGGAGTCGAGGTGTTGGGACAT 

Glutamine  
synthetase 

I. cairica CTCCAGCAGGTGAGCCTATC 
AGCCTTGTCTGCACCAATTC 

I. digitata TGAGGAGCAAAGCCAGGACCAT 

ACTGTCCTCTCCAGGAGCTTGG 

I. nil CGGGAGAGGACAGTGAAGTC 

ACCAAGTGGCCATTTCACAT 

 

1.7 Determination of total nitrogen content of leaf (TN) 

TN in leaf was determined by using sulfuric acid- 

hydrogen peroxide digestion-distillation and titration 

method
[19]

. 

 

1.8 Determination of activities of NR and GS 

The activity of NR (NRA) was determined by 

using colorimetric determination of sulfanilamide in 

vivo
[20]

. 

The activity of GS (GSA) was determined in the 

following way: (1) From leaves, young stems and 

roots of each species 0.2 g samples were collected; (2) 

Three mL ice-cold extraction buffer [50 mmol L
−1

 

Tris-HCl (pH 7.5), 10 mmol L
−1

 MgCl2, 1 mmol L
−1

 

EDTA, 10% (w/v) glycerol, 14 mmol L
−1

 mercap- 
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toethanol] and 1% (w/v) PVP] was added, then ground 

on ice until homogenized; (3) The homogenate was 

put into 1.5 mL microtubes, and centrifuged for  

30 min at 4℃, 13000×g. Then the enzyme extracts 

were transferred to new centrifuge tubes for standby. 

For the next steps the GS testing kit directions of  

Nanjing Jiancheng Bioengineering Institute were  

followed. 

 

2 Results and discussion 
 

2.1 Sequencing and assembly 

There were 26501994, 26901752 and 23139614 

high-quality reads obtained from I. cairica, I. digitata 

and I. nil, respectively, and assembled them using SOAP 

de novo to obtain 384401 contigs with a mean length 

of 164 nt in I. cairica, 352302 contigs with a mean 

length of 171 bp in I. digitata, and 368222 contigs 

with a mean length of 157 bp in I. nil (Table 2). With 

paired-end read joining and gap-filling, the above 

contigs were further assembled into 124007 scaffolds 

with a mean size of 343 bp in I. cairica, 112882 scaffolds 

with a mean size of 342 bp in I. digitata, and 98903 

scaffolds with a mean size of 362 bp in I. nil. Using gap 

filling and long sequence clustering, the scaffolds 

were assembled into 90329 I. cairica unigenes with a 

mean length of 423 bp, 86946 I. digitata unigenes 

with a mean length of 441 bp, and 77255 I. nil unigenes 

with a mean length of 428 bp. In addition, using the 

same strategy, we obtained 56551 all-unigenes with a 

mean length of 781 bp from the I. cairica, I. digitata 

and I. nil reads combined (all-unigenes originated 

from all of the I. cairica, I. digitata and I. nil reads, 

and unigenes of each species from itself reads). 

 

Table 2 Transcriptome qualities in Ipomoea cairica, I. digitata, and I. nil 

 I. cairica I. digitata I. nil Total 

Total nucleotides (nt) 2385179460 2421157680 2082565260 – 

Total number of reads 26501994 26901752 23139614 – 

GC content (%) 47.75 47.79 48.66 – 

Total number of contigs 384401 352302 368222 – 

Mean length of contigs (bp) 164 171 157 – 

Total number of scaffolds 124007 112882 98903 – 

Mean length of scaffolds (bp) 343 369 362 – 

The number of unigenes 90329 86946 77255 – 

Mean length of unigenes 423 441 428 – 

Number of all-unigenes – – – 56551 

Mean length of all-unigenes – – – 781 

 

For reads, the original data were transformed into 

sequence data by base calling from raw data or raw 

reads obtained as clean reads after removal of impu- 

rities. For contigs, joint reads with overlap into longer 

fragments without unknown sequences between each 

two contigs (N) using SOAP de novo software. For 

scaffolds, contigs joined using SOAP de novo soft-

ware. Unigenes represent sequences that cannot be 

extended on either end and contain the least N. 

The length and gap distributions of unigenes 

from three species and all-unigene are shown in Fig. 1. 

Overall, all-unigenes were better in quality than  

unigenes from one of three species and obtained higher 

scores when using BLASTx to search against the nr 

database. 

2.2 GO and COG classifications 

We further classified all-unigenes using GO assign- 

ments after functional annotation. Based on homologous 

genes, 37815 all-unigenes were categorized into 44 

GO terms under three domains: biological process, 

cellular component and molecular function (Fig. 2). The 

results indicated that the terms with the highest  

percentage were cell, cell part, cell process and metabolic 

process, whereas no genes were assigned to the terms 

biology adhesion, cell killing, location, viral reproduction, 

viron, viron part or electron activity. To further examine 

the integrity of our transcriptome library and effec-

tiveness of the annotation process, we calculated the 

unigene numbers with COG classifications. There were 

15615 all-unigenes with a COG classification (Fig. 3). 
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Of the 25 COG categories, the cluster predicting 

general function had the highest number of unigenes, 

followed by that for transcription, whereas the clusters 

of nuclear structure and extracellular structure had the 

fewest number of unigenes (Fig. 3). 

GO categories, shown on the X-axis, are group 

into three ontologies: biological process, cellular 

component, and molecular function. The right Y-axis 

indicates the number of genes in each category, and 

the left Y-axis indicates the percentage of total genes 

in that category. ‘All-unigene’ indicates that the unigenes 

were assembled from reads of I. cairica, I. digitata 

and I. nil samples. 

15615 unigenes were assigned to 25 categories in 

the COG functional classification. The Y-axis indicates 

the number of genes in a specific functional cluster. 

The legend to the right of the histogram lists the 25 

functional categories. 

 

2.3 Unigene networks and differentially expressed 

gene pathway enrichment analysis 

The biological pathways in I. cairica, I. digitata 

and I. nil were analyzed. There were 25725 all-unigenes 

mapped to Nr database, 30832 all-unigenes mapped to 

Swiss-Prot database, 23659 all-unigenes mapped to 

the KEGG database, 15615 mapped to COG database 

and 37815 mapped to GO. In a more detailed analysis, 

frequency of 30020 all-unigenes assigned to 119  

different pathways (Data not show). To identify gene 

expression without taking into account the effects of 

different gene lengths or differences in the total  

number of reads, we used the transformed RPKM value 

with a false discovery rate (FDR)≤0.001 and a log2 

ratio≥1 (representing at least a 2-fold change) to signify 

differences in gene expression. We use these assumptions 

to analyze the differences between I. cairica vs I.  

digitata, I. cairica vs I. nil, and I. digitata vs I. nil. 

 

2.4 Total leaf nitrogen content 

The total nitrogen (TN) content represents an 

important physiological indicator of nitrogen use  

efficiency in plants. In present experiment, it is found 

that TN in I. cairica was significantly higher than that 

in the related species (Fig. 4). 

2.5 Nitrate reductase and glutamine synthetase  

activities 

The activity of nitrate reductase (NR), involved 

in the first and rate-limiting step for the NO3
−
 assimi- 

lation process, directly affects the efficiency of NO3
−
 

assimilation. The NR activity in leaf, stem, and root 

was significantly higher in I. cairica than that in two 

related species (Fig. 5: A). 

Glutamine synthetase (GS) is a multifunctional 

enzyme involved in the regulation a variety of  

processes in nitrogen metabolism. GS activity can 

reflect the capacity of nitrogen assimilation
[21]

. The 

GS activity in stem was significantly higher in I. 

cairica than that in two related species (Fig. 5: B). 

 

2.6 Differential gene expression in nitrogen metabolism 

A comparison of the expression of genes involved 

in the nitrogen pathway in I. cairica vs. I. digitata and 

in I. cairica vs. I. nil demonstrated some DEGs 

(FDR≤0.001 and log2 ratio≥1). A total of 84 DEGs 

were detected between I. cairica and I. digitata, in 

which 48 unigenes were up-regulated and 36 unigenes 

were down-regulated. Similarly, a totalof 79 DEGs 

were detected between I. cairica and I. nil, in which 

52 unigenes were up-regulated and 27 unigenes were 

down-regulated.  

Before undertaking an analysis of the differences 

in transcript abundance among the three species, we 

used real-time quantitative PCR to confirm the  

estimates of transcript abundance obtained with 

RNA-seq. We chose to examine genes encoding NR 

and GS. The results showed that the gene expression 

profiles obtained with the two methods were similar 

(Fig. 6). Therefore, the ratios of transcript abundance 

obtained using RNA-seq are suitable for calling DEGs 

between I. cairica and its two related species.  

 

2.7 Functional annotation analysis of DEGs in  

nitrogen metabolism 

To further understand the function of co-DEGs, 

we mapped them using the KEGG database for analysis 

of nitrogen metabolism pathway (Table 4). DEGs code 

for important enzymes in nitrogen metabolism, for 

example, NR and GS. In addition, the levels of most 

of co-DEGs were up-regulated in I. cairica compared 
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Fig. 1 Length and gap distributions of unigenes after de novo assembly using the reads from Ipomoea cairica, I. digitata, I. nil and all samples.  
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Fig. 2 Histogram of gene ontology classification  

 

 

Fig. 3 Histogram of clusters of orthologous groups (COG) classification. A: 

RNA processing and modification; B: Chromatin structure and dynamics; C: 

Energy production and conversion; D: Cell cycle control, cell division, 

chromosome partitioning; E: Amino acid transport and metabolism; F: 

Nucleotide transport and metabolism; G: Carbohydrate transport and  

metabolism; H: Coenzyme transport and metabolism; I: Lipd transport and 

metabolism; J: Translation, ribosomal structure and biogensis, K: Transcrip-

tion, L: Replication, recombination and repair; M: Cell wall/membrane/ 

envelope biogenesis; N: Cell motility; O: Posttranslational modification, 

protein turnover, chaperones; P: Inorganic ion transport and metabolism; Q: 

Secondary metabolites biosynthesis, transport and catabolism; R: General 

function prediction only; S: Function unkown; T: Signal transduction 

mechanism; U: Intracellular trafficking, secretion, and vesicular transport; V: 

Defense mechanism; W: Extracellular structures; Y: Nuclear structures; Z: 

Cytoskeleton. 

 
Fig. 4 Total nitrogen content in leaves  

 

with those in other two species.  

 

2.8 Transcripts related to secondary metabolism in 

biosynthetic pathways  

We also examine pathways related to the biosyn-

thesis of secondary metabolites, specifically the  

biosynthesis of phenylpropanoid (KO00940), flavonoid 

(KO00944), and flavones and flavonol (KO00941). 

The results of the statistical analyses revealed that for 

phenylpropanoid biosynthesis (KO00940) there were 

333 differentially expressed unigenes between I. cairica 

and I. digitata, as well as 348 between I. cairica and I. 

nil; there were 220 unigenes differrentially expressed 

for I. cairica compared with both I. digitata and I. nil. 

For flavonoid biosynthesis (KO00944), there were 

205, 208 and 139 differentially expressed unigenes, 

and for flavones and flavonol biosynthesis (KO00941)  
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Fig. 5 Nitrate reductase (NR) (A) glutamine synthetase (GS) (B) activity in leaves, stems and roots of Ipomoea cairica, I. digitata, and I. nil  

  

Fig. 6 RT-PCR detection and RNA sequencing in Ipomoea cairica vs I. digitata (A) and I. cairica vs I. nil (B)  

 

there were 59, 51 and 33 differentially expressed unigenes, 

and for the biosynthesis of the secondary metabolites 

with COGs there were 1398, 1446, and 926 between I. 

cairica and I. digitata, between I. cairica and I. nil, 

and for both I. digitata and I. nil, respectively.  

Taken together, these data indicated the existence of 

duplicate genes. Therefore, we removed the duplicates 

and obtained 964 unigenes, with I. cairica different 

from both I. digitata and I. nil (Data not show). 

Among all those differences, between I. cairica and I. 

digitata, I. cairica and I. nil, there were 493 unigenes 

up-regulated and 303 unigenes down-regulated. These 

results indicated that the differences were comparable 

for both models, with 706 similarly expressed genes, 

which was 82.57% of the total. Those differentially 

expressed genes may explain the differences in the 

biosynthesis of these secondary metabolites in I. cairica 

compared with that in I. digitata and I. nil. It would be 

interesting to determine whether those differences 

were related to the invasiveness of I. cairica. 

After further analysis of the annotations for those 

differential genes, we found up-regulated expression 

of some genes, Unigene32623_All, Unigene19708_ All 

and Unigene32546_All code pal2, 33181_All code 

pal4, related to a key enzyme in the biosynthesis of 

secondary metabolites, phenylalanine ammonia lyase 

(PAL), and the down-regulation of another PAL- 

related gene, unigene4820_All code pal6, in I. cairica. 

 

2.9 Analysis of physiological indexes 

This study used high-throughput and de novo 

transcriptome assembly methods to provide trans- 
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criptome information for three species of Ipomoea, 

three non-model plants. However, the invasion of I. 

cairica is complex, with allelopathy and stress-  

resistance both necessary and contributing to its  

success. Previous studies have reported on the allelo-

chemicals and stress-resistance in I. cairica. 

Our results indicated that the TN content in the 

leaves of I. cairica was markedly higher than that in 

the two related plants. However, this result did not 

discriminate whether I. cairica had a greater capacity 

for nitrogen absorption, reduction, or fixation. Nitrate 

reductase is the first key enzyme in the nitrogen  

metabolism pathway and is widely found in roots, 

stems, leaves, and other tissues of higher plants. Evidence 

indicates that the activity of NR reflects the status of 

nitrogen nutrition and nitrogen metabolism in plants 

as well as directly impacts the efficiency of inorganic 

nitrogen use from soil and the synthesis rate of amino 

acids in plants
[22]

. NO is an intracellular and extracellular 

signaling molecule involved in various processes that 

promote plant growth and development and alleviate 

aging and stress damage
[23]

. Glutamine synthetase, 

another key enzyme in the nitrogen metabolism path-

way, plays an important role in ammonia assimilation. 

Data indicate that GS activity enhances ammonium 

assimilation and nitrogen transformation
[24]

. In the 

present study, NR activity was markedly higher in the 

roots, stems and leaves and GS activity was signifi-

cantly higher in the stems of I. cairica compared with 

those in the two related species (Fig. 5). Studies have 

shown that increased nutrient availability favors the 

invasion and success of invasive plant species in eco-

systems where resource availability is typically low
[25]

. 

Nitrogen is the most important nutrient limiting plant 

growth and development. Studying nitrogen utilization 

benefits understanding of nutrient adaptation mecha-

nisms in invasive species
[26]

. The nitrogen assimilation 

capacity of I. cairica is greater than that of the native 

plant Paederia scandens
[27]

. Our results showed that 

NR and GS activity as well as TN content in the leaves 

of I. cairica were superior to those in the two related 

species. Thus, the enahnced ability of I. cairica to 

metabolize nitrogen and accelerate nitrogen transfor-

mation is likely an important mechanism in its successful 

invasion. 

 

2.10 Analysis of DEGs in the nitrogen metabolic 

pathway 

To better understand the biological functions of 

DEGs in nitrogen metabolism, we used the KEGG 

database to analyze the nitrogen metabolism pathway 

(KO00910). In this experiment, 39 co-DEGs were iden-

tified and annotated for I. cairica and its two related 

species (Table 3). Interestingly, most of the co-DEGs 

were up-regulated, suggesting they may play an  

important role in capturing nitrogen resources for I. 

cairica. 

It is generally believed that nitrate is the main 

form of nitrogen absorbed by plants. Nitrate reductase 

is the enzyme used in the first step for catalyzing  

nitrate assimilation, and its synthesis is strictly modu-

lated at the transcriptional and post-transcriptional  

levels
[28]

. It was reported that the double mutant  

Arabidopsis NR (nia1, nia2) is etiolated, the content of 

leaf amino acid is reduced, and it grows more slowly 

compared with the wild type
[29]

. Nitrite reductase (NiR) 

is involved in the second step for nitrate assimilation, 

which catalyzes the reduction of nitrite to ammonium. 

The higher activity of NiR prevents toxic effects by 

accumulating NO2 on plants, and provides ammonia 

for assimilation in next step
[30]

. The overexpression of 

NR or NiR enhances mRNA levels, and improves  

nitrogen assimilation in plants
[31]

. Transcriptomics 

analysis in the present study showed differential regu-

lation for NR and NiR gene expression, with expression 

up-regulated in I. cairica relative to the other two species, 

indicating that the invasive I. cairica has a stronger 

ability to assimilate nitrate. 

Ammonia is assimilated in plants by the glutamine 

synthetase/glutamate synthase (GS/GOGAT) cycle or 

glutamate dehydrogenase (GDH) pathway
[32]

. The 

GS/GOGAT cycle is the major pathway for ammonia 

assimilation in higher plants, whereas the key enzyme 

GS plays a central role in nitrogen metabolism of  
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Table 3 Annotation of differentially expressed unigenes in nitrogen metabolism in Ipomoea cairica (IC) vs. I. digitata (ID) and in I. cairica vs. I. nil (IN) 

Gene ID IC vs. ID IC vs. IN Annotation Gene name [species] Database 

Unigene24221_All 13.7 1.4 Probable cytochrome b5 isoform 2 NR [Vf] KEGG 

Unigene25910_All 12.6 12.6 Delta(5) fatty acid desaturase B NR [Nt] KEGG 

Unigene10704_All 5.2 1.8 Ferredoxin-nitrite reductase ferredoxin-NiR [Nt] KEGG 

Unigene27753_All 2.8 14.5 Laccase-12 NiR (NO-forming) [Gm] KEGG 

Unigene38636_All 1.9 4.3 Laccase-17 NiR (NO-forming) [Pt] KEGG 

Unigene14693_All –2.9 13.2 Glutamate synthase [NADH] GS [Vv] KEGG 

Unigene31766_All 3.5 14.3 Glutamine synthetase leaf isozyme GS [Cl] KEGG 

Unigene15163_All 5.0 4.7 Glutamine synthetase nodule isozyme GS [Hb] KEGG 

Unigene31658_All 1.3 3.3 Glutamine synthetase root isozyme B GS [Eu] KEGG 

Unigene18636_All 4.3 12.6 Glutamate dehydrogenase A GDH(NAD(P)+) [Np] KEGG 

Unigene27731_All 5.4 4.2 Glutamate dehydrogenase A GDH(NAD(P)+) [Np] KEGG 

Unigene9230_All 1.9 1.5 Glutamate dehydrogenase A GDH(NAD(P)+) [Np] KEGG 

Unigene35570_All 1.6 1.4 Glutamate dehydrogenase A GDH(NAD(P)+) [Np] KEGG 

Unigene31232_All 4.4 5.0 Probable glutamate dehydrogenase 3 GDH(NAD(P)+) [At] KEGG 

Unigene49856_All 3.1 1.4 Glutamate dehydrogenase GDH(NAD(P)+) [Ac] KEGG 

Unigene25819_All 3.7 8.4 Asparagine synthetase, nodule AS [Sp] KEGG 

Unigene11157_All 2.5 4.3 Asparagine synthetase AS [Ha] KEGG 

Unigene33181_All 17.4 17.4 Phenylalanine ammonia-lyase 1 PAL [Cc] KEGG 

Unigene32546_All 3.7 17.4 Phenylalanine ammonia-lyase PAL [Me] KEGG 

Unigene32623_All 1.9 2.1 Phenylalanine ammonia-lyase PAL [Ib] KEGG 

Unigene19708_All 1.8 1.5 Phenylalanine ammonia-lyase PAL [Ib] KEGG 

Unigene32744_All 2.2 2.8 Laccase-2 L-ascorbate oxidases [Pt] KEGG 

Unigene31161_All 7.1 4.7 Laccase-3 L-ascorbate oxidase [At] KEGG 

Unigene31213_All 12.4 12.4 Laccase-4 L-ascorbate oxidase [Pt] KEGG 

Unigene26200_All 4.5 4.9 Laccase-6 L-ascorbate oxidase [At] KEGG 

Unigene25388_All 8.1 13.8 Laccase-11 L-ascorbate oxidase [At] KEGG 

Unigene26384_All 3.6 3.9 Laccase-12 L-ascorbate oxidase [At] KEGG 

Unigene16438_All 1.1 1.0 Laccase-12 L-ascorbate oxidase [Pt] KEGG 

Unigene19574_All 1.6 2.0 Laccase-17 L-ascorbate oxidase [Lt] KEGG 

Unigene34362_All 2.3 10.2 L-ascorbate oxidase homolog L-ascorbate oxidase [Nt] KEGG 

Unigene32435_All 5.4 4.0 L-ascorbate oxidase L-ascorbate oxidase [Nt] KEGG 

Unigene10363_All –1.9 –1.5 L-ascorbate oxidase homolog L-ascorbate oxidase [Mt] KEGG 

Unigene12570_All –1.0 –1.6 L-ascorbate oxidase homolog L-ascorbate oxidase [Nt] KEGG 

Unigene147_All –2.3 –4.8 Laccase-4 L-ascorbate oxidase [Nt] KEGG 

Unigene13298_All –4.6 –6.5 Phosphopantetheineadenylyltransferase L-ascorbate oxidase [At] KEGG 

Unigene31031_All 13.2 4.1 Flavin-containing monooxygenase  
FMOGS-OX5 

Dimethylaniline monooxygenase [Alsl] KEGG 

Unigene21078_All 1.1 2.4 Carbonic anhydrase Carbonic anhydrase [Alsl] KEGG 

Unigene21626_All 1.4 1.6 Cyanatehydratase Cyanatelyase [Zm] KEGG 

Unigene30713_All 6.5 14.3 Formamidase formamidase [Osjg] KEGG 

Vv: Vitis vinifera; Cl: Canavalia lineata; Osjg: Oryza sativa Japonica; Hb: Hevea brasiliensis; Eu: Elaeagnus umbellata; Np: Nicotianaplum baginifolia; 

At: Arabidopsis thaliana; Ac: Actinidia chinensis; Cc: Coffea canephora; Me: Manihot esculenta; Ib: Ipomoea batatas; Sp: Securigera parviflora; Ha: 

Helianthus annuus; Pt: Populus trichocarpa; Gm: Glycine max; Lt: Liriodendron tulipifera; Mt: Medicago truncatula; Nt: Nicotiana tabacum; Alsl:  

Arabidopsis lyrata ssp. lyrata; Vf: Vernicia fordii; Zm: Zea mays. 

 

plants. It was reported that GS over-expression can 

improve the efficiency of nitrogen use and promote 

plant growth
[33]

. In addition, the GDH pathway supple- 

ments the GS/GOGAT cycle for ammonia assimilation. 

GDH has a dual function, as it can catalyze ammonia 

assimilation and help glutamate oxidative deamination
[34]

. 

Under conditions of excess ammonia, GDH deamination 

is markedly increased in plants, providing a carbon 

skeleton for the citric acid cycle
[35]

. Both GS and 

GDH play an important role in maintaining balance 

between carbon and nitrogen (C/N) in metabolic  

processes
[36]

. The results of our transcriptomics analysis 

showed that expression levels of GS and GDH were 

higher in I. cairica than those in other two related 

species, indicating that invasive I. cairica may have a 

stronger ability to assimilate ammonia in plants. 
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Asparagine synthetase (AS) catalyzes the synthesis 

of asparagine from inorganic amine, which is the main 

form of organic nitrogen for transport and storage. It is 

involved in primary and secondary metabolism, signal 

transduction pathways, metabolic stress, aging, and 

other physiological and biochemical processes
[37]

.  

Additionally, AS overexpression in plants increases 

the level of free asparagine and promotes plant 

growth
[38]

. We found that the invasive plant I. cairica 

showed up-regulated expression of AS gene compared 

with the related species, which would favor the trans-

portation and storage of organic nitrogen in I. cairica. 

Phenylalanine ammonia-lyase (PAL) is a key 

enzyme conducting the transition from primary to 

secondary metabolism in plants. PAL catalyzes deami- 

nation of L-phenylalanine into cinnamic acid. This 

process is the central step in the secondary metabolic 

pathway. PAL, the first enzyme in the phenyl acid 

metabolic process, is deemed the first key enzyme
[39]

. 

PAL plays an important role in pigment formation, 

cell differentiation and lignification processes, resis- 

tance to diseases, conditions of pest and adversity, and 

other processes
[40]

. PAL catalyzes amino acids into 

nitrogen compounds, which provides more nitrogen 

resources for other metabolites in plants. Our trans- 

criptomics analysis showed that the gene coding for 

PAL had a higher expression level in I. cairica than in 

the two related species, and this higher expression 

may lead to the enhancement of nitrogen catalytic  

efficiency in nitrogen metabolism. 

L-ascorbate oxidase (AO) is a copper-containing 

oxidase, mainly located in the cytoplasm or cell wall, 

which can catalyze the oxidation of ascorbic acid. AO 

regulates stress response, gene expression, growth and 

development, and floral induction in plants
[41]

. Our 

transcriptomics data suggested that some of the  

unigenes modulating AO were up-regulated while 

others were down-regulated in I. cairica compared 

with those in the two related species. These levels may 

adapt with the function of AO, which requires further 

study. 

The remaining genes related to plant growth and 

development, resource utilization, and resistance  

encode monooxygenases, carbonic anhydrase, cyanate 

lyase and formamidase. Dimethylaniline monooxy- 

genase is the most important monooxygenase system. 

Carbonic anhydrase activity is positively correlated 

with the net photosynthetic rate in Brassica campestris
 

and is very important for adapting to different nitrogen 

environments
[42]

. Under conditions of nitrogen deprivation, 

the gene that codes for formamidase will up-regulate 

to adapt to the environment
[43]

. 

Thus, overall, the DEGs involved in the nitrogen 

metabolism pathway may provide some clues and  

references from different aspects to understand nitrogen 

utilization in I. cairica. 

 

2.11 Secondary metabolism 

PAL exists in all higher plants. It is encoded by 

multigene families, and its genetic traits are conserved. 

A previous study constructed a molecular evolutionary 

tree using Clustalx by analyzing the bioinformatics of 

PAL, and plants in the same families were clustered
[45]

. 

Plants with a close kinship were also clustered
[44]

. The 

Clustalx results offered valuable information about the 

three plants used in the present study, which are in the 

same family and genus. Disease- and stress-resistance 

characteristics are hereditary, formed by mutual adap- 

tation between plants and pathogenic microorganisms 

during evolution. Plants may undergo a series of 

physiological changes and defense reactions under 

stress, including synthesis and accumulation of disease- 

resistant substances such as lignin
[45]

. Phenylpropanoid 

biosynthesis is also closely related to disease resis- 

tance, and the activity of PAL is related to cold tole- 

rance in banana plants
[46]

. I. cairica is less sensitive to 

cold temperatures than the non-invasive or mildly  

invasive plants I. triloba and I. nil, and this modifi- 

cation likely contributes to its ecological adaptability 

and invasiveness
[47]

. PAL plays an important role in 

the biosynthesis of phytoalexin and lignin as well as 

with other key enzymes, such as 4-coumarate, coenzyme 

A Ligase (4CL) and cinnamyl-alcohol dehydrogenase 

(CAD), all of which show highly coordinated expression. 

Lignin is the main component in the plant secondary 

cell wall
[48]

, increasing the mechanical strength and 
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forming a hydrophobic network structure in the cell 

wall to closely link the cellulose and prevent cell wall 

dehydration
[49]

. Thus, lignin is advantageous for 

transporting moisture through tissues and providing 

resistance to adverse environments. 

The expression of chalcone synthase (CHS), an 

enzyme in flavonoid biosynthesis (KO00944), is 

up-regulated in I. cairica compared with that in I.  

digitata and I. nil. The expression of another key  

enzyme in I. cairica, chalcone isomerase (CHI), is up- 

regulated compared with that in I. digitata but down- 

regulated compared with that in I. nil. The expression 

of a key enzyme in the metabolic pathway of flavones 

and flavonols, quercetin-3-O-trans-methylase, is up- 

regulated in I. cairica compared with that in both I. 

digitata and I. nil. Interestingly, 3-3′-5-trihydroxy- 

4′-7-dimethoxyflavone and 3-3′-5-trihydroxy-4′-7- 

dimethoxyflavone-3-O-sulfateare are found in I. 

cairica are chemical weapons that may inhibit the 

growth of other plants
[50] 

and, intriguingly, belong to 

flavonoids
[51−52]

. 

These differences in the biosynthesis of secondary 

metabolites among I. cairica and other plants in the 

same genus may partly explain the invasiveness of I. 

cairica and the non-invasiveness of the other plants. 

These secondary metabolite differences may also  

provide a foundation for additional studies examining 

the stress resistance in and allelopathic effects of I. 

cairica. In addition, the results from our bioinformatics 

study examining the transcriptomics of pal, 4cl, cad, 

chs, and chi indicate that further studies on these  

enzymes are warranted in I. cairica. 

 

3 Conclusion 
 

As the results suggested that the transcriptome 

quality obtained was good and the control samples 

were effective. We analyzed the biological functions 

and metabolic pathways associated with some of these 

genes. An analysis of the biosynthesis of the secondary 

metabolites suggested capabilities for resistance to 

stress, efficient reproduction, rapid growth, and alle-

lopathy in I. cairica that may partly explain the  

invasiveness of I. cairica in southern China, although 

the complex processes of a plant invading a new  

region likely includes multiple genes and pathways.  

As previously mentioned, the effective compo-

nents of I. cairica have been used as folk medicine. 

Whereas the extracted essential oil shows larvicidal 

activity, arctigenin, trachelogenin, petunia-A, muri-

catin-B, and pinoresinol
[53] 

provide antiviral, purgative, 

anti-rheumatism, and antibacterial therapies. A crude 

leaf extract of I. cairica was also shown to have  

oviposition-deterring activity and oviciding potential 

against dengue vectors
[54]

. Interestingly, these effec-

tive components are mainly products of secondary 

metabolism, indicating that studies on the biosynthesis 

of secondary metabolites may reveal an economic 

value for I. cairica. Thus, even though I. cairica is an 

invasive weed, it may also serve as a valuable resource, 

providing effective medicinal compounds. 
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