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Recent developments of high-throughput sequencing tech-
nologies and systems biology methods open novel opportu-
nities to investigate pathogen, pathogen-host interactions, and
infectious diseases at system-wide scales. For example, the tool
antigenic map has been adopted by Centers for Disease
Control and Prevention in the US to help select vaccine strains
for seasonal influenza each year. Disease transmission models
have been used to study and help inform public health in-
terventions for a few infectious diseases for human and ani-
mals. However, the clinical application of computational tools
is still on its early stage.Withmore andmore data available for
pathogens and their hosts at genome, transcriptome, pro-
teome, methylome, and epigenome levels, computational
modelling, big data analysis, and systems biology have become
more and more important in revealing the biological mech-
anisms underlying these data, unraveling the secrets behind
pathogen evolution, infection, and pathogen-host interactions.

In this special issue, we have received 18 papers, out of
which 7 has been accepted for publication.

Firstly in a review article, G. Mboowa et al. described
a range of host-pathogen genomic loci that have been as-
sociated with common infectious disease (e.g., HIV/AIDS,
tuberculosis, and malaria) susceptibility and resistant pat-
terns in the era of high-throughput sequencing.#ey further
highlighted potential opportunities for the applications of
these genetic markers in therapeutic development involving
genome-editing technologies like CRISPR/Cas9.

X.-m. Wu et al. investigated the genomic sequence and
pathogenicity of a pseudorabies virus that was isolated during

the 2011-2012 outbreak in Fujian Province, China. #rough
bioinformatics and pathogenic studies, the authors found that
the FJ-2012 strain is highly pathogenic and identified genetic
variations compared with the reference sequence. #is study
provided useful information to understand the evolution and
pathogenicity of pseudorabies viruses.

L. Zheng et al. studied the interactions between p2 of rice
stripe virus and three functional domains of NbFib2 including
the N-terminal fragment containing a glycine- and arginine-
rich (GAR) domain, the central RNA-binding domain, and
C-terminal α-helical domain using yeast two-hybrid, colocal-
ization, and bimolecular fluorescence complementation (BiFC)
assays. #eir results suggested that the N-terminal domain is
indispensable forNbFib2 to target the nucleolus and cajal body,
p2 binds to all three regions of NbFib2, and they target to the
nucleus but fail to target the nucleoli and cajal bodies.

D. Xiao et al. first sequenced the whole genome of Sparassis
latifolia, an important antidiabetic, antihypertension, antitu-
mor, and antiallergen fungus. #ey then depicted critical
enzymes involving in carbohydrate and glycoconjugate
metabolism as well as secondary metabolite and performed
the comparative and phylogenetic analyses of this fungus and
annotated the predicted genes, which sheds some light on the
genetic basis of the medical properties of Sparassis latifolia.

B. Gao et al. adopted combined methods of bioactive
trace technology and phytochemical extraction and sepa-
ration, to guide the isolation and purification of the effective
chemical constituents on the water-soluble components of
aerial parts of Isatis tinctoria, one of the most well-studied
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Chinese herbs effective against the dengue fever. #ey were
capable of identifying and inferring the structures of 27 types
of chemical compounds named GB-1, GB-2, . . . , and GB-27,
respectively, among which GB-8 is a novel compound.
Further study of these compounds is critical to reveal the
secrets behind the medicinal effects of Isatis tinctoria.

Z. Chen et al. identified a series of microsatellite markers
of O. nipae, a type of nipa palm hispid beetle originated in
Malaysia through transcriptomic and polymorphic study,
and tested the genetic differences of two Fujian O. nipae
populations in China through nine newly developed
microsatellite markers.#ey found that these polymorphism
microsatellite markers are powerful tools for pests’ pop-
ulation genetic and dispersal studies. It is the first time that
microsatellite markers have been utilized in O. nipae.

Finally, A. Endo and H. Nishiura presented a multisite
multispecies transmission model along East Asian-Australian
Flyway to study the role of migration in maintaining the
transmission of avian influenza in waterfowl. #ey found that
mallard was the most important host with the highest
transmission potential, and high- and middle-latitude regions
appeared to act as hotspots of influenza transmission. In
addition, their study suggested that the prevalence of avian
influenza in Oceania region is dependent on the inflow of
infected birds from other regions.

Acknowledgments

We thank the authors for contributing their valuable work to
this special issue and the reviewers for their constructive
comments. We are also grateful to the editorial board for
approving this topic and hope this issue will advance the
research on pathogen, pathogen-host interaction, and in-
fectious disease.

Jialiang Yang
Bo Liao

Jianqiang Ye
Taoyang Wu

2 Canadian Journal of Infectious Diseases and Medical Microbiology



Research Article
Development of Microsatellite Markers for the Nipa Palm Hispid
Beetle, Octodonta nipae (Maulik)

Zhiming Chen,1,2,3 Jun Chen,1,2 Xiang Zhang,1,2 Youming Hou ,1,2 and Guihua Wang1,2

1State Key Laboratory of Ecological Pest Control of Fujian-Taiwan Crops, Fujian Agriculture and Forestry University,
Fuzhou 350002, China
2Fujian Provincial Key Laboratory of Insect Ecology, College of Plant Protection, Fujian Agriculture and Forestry University,
Fuzhou 350002, China
3Fuzhou Entry-Exit Inspection and Quarantine Bureau of P.R.C, Fuzhou 350002, China

Correspondence should be addressed to Youming Hou; ymhou@fafu.edu.cn

Received 29 November 2017; Accepted 18 April 2018; Published 7 June 2018

Academic Editor: Taoyang Wu

Copyright © 2018 Zhiming Chen et al.*is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

*e nipa palm hispid beetle, Octodonta nipae (Maulik) (Coleoptera: Chrysomelidae), is an important invasive pest on palm plants in
southern China. Based on existing transcriptome data, polymorphism simple sequence repeat (SSR) loci were identified. In total, 1274
SSR loci were identified from 49919 unigenes.*emajority of them containedmononucleotide, dinucleotide, and trinucleotide motifs
(43.56%, 26.14%, and 28.18%), in which A/T (41.21%) and AT/TA (15.86%) were the most abundant motifs. 104 pairs of the SSR
primers produced amplification bands of expected sizes inO. nipae, 80 pairs of SSR primers were tested randomly for polymorphism, 9
loci of themwere validated to be polymorphic markers, and the number of alleles ranged from 2 to 3, with an average of 2.56 per locus.
*e population of Zhangzhou and Fuzhou was analyzed by the 9 loci (On1–On9). *ese SSR transcriptome data can provide
invaluable resource for SSR development, population genetics research, invasion and expansion mechanism, paternity testing, and
other research on O. nipae and its related species.

1. Introduction

*e nipa palm hispid beetle, Octodonta nipae (Maulik)
(Coleoptera: Chrysomelidae), which was originated in
Malaysia, is an alien pest on palm plants in southern China
[1]. *e beetles attack young leaves of various palm plants,
which poses a great threat to palm plants industry, economic
palm planting, city landscaping, and ecological safety [2].

Much efforts have been devoted to research on O. nipae,
including external morphology, physiology characteristic, bi-
ological habits, raising management, disease and pest control
technique [3–6], multiple mating [7], transcriptome immune
analysis [8], and rapid identification of species based on cy-
tochrome c oxidase subunit I (COI) and internal transcribed
spacer (ITS) [9]. Genetic markers are largely lacking for O.
nipae; in recent years, microsatellites, also called simple se-
quence repeats (SSRs), have beenwidely used in studies of intra-
or interspecies variation and genetic structure in biological
populations because of their high levels of polymorphism,

codominant Mendelian inheritance, and ease of detection by
polymerase chain reaction [10]. Recently, less microsatellite
DNA has been reported in O. nipae and its closely related
species, excepting eight microsatellite DNA loci described for
use in Brontispa longissima [11]. However, the lack of micro-
satellite markers developed specifically for O. nipae has caused
a bottleneck in the study of population genetics in O. nipae.

In this study, a series of microsatellite markers forO. nipae
were developed. *e utility of the newly developed nine
markers were tested in two Fujian populations (Zhangzhou
and Fuzhou). *ese polymorphism microsatellite markers
would be powerful tools for pests’ population genetic and
dispersal studies in the future. It is the first time that micro-
satellite markers have been utilized in O. nipae.

2. Materials and Methods

2.1. Insects Sampling andDNAExtraction. O. nipae collected
from canary date palm Phoenix canariensis in Zhangzhou
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(North latitude 24.3074, East longitude 117.6833) and Fuzhou
(North latitude 25.7186, East longitude 119.3612), Fujian
Province, were bred in laboratory as previously described [12].
*e total DNA of adults from two populations (Zhangzhou
and Fuzhou) was extracted individually using the DNA ex-
traction kit (SK8252, Sangon Biotech Co., Ltd., Shanghai,
China) according to the manufacturer’s instructions.

2.2. Microsatellite Development. Based on the existing tran-
scriptome data of O. nipae [4], TRINITY software was used to
screen all perfect microsatellites [13]. *e evaluation criterion
used for mono-, di-, tri-, tetra-, penta-, and hexanucleotide
repeats was the default setting in TRINITY, with a minimum
repeats of 12, 6, 5, 5, 4, and 4, respectively. After searching the
O. nipae genome, primers were designed in Primer Premier3.0
(http://www.sourceforge.net/projects/primer3/files/primer3/1.1.4/
primer3-1.1.4-WINXP.zip/download) for possible high poly-
morphism, and less than 100 reached the scoring size
standards. Microsatellites with mononucleotide repeats
were removed, when primers were designed. All primers were
designed according to the following parameters: product size
ranged from 100 to 400 bp, primer size ranged from 18 to
28 bp, and the optimum size was about 23 bp. All primers were
synthesized by the Beijing Genomics Institute (BGI, Shenzhen,
China). *e primer pairs were evaluated by Oligo 7 and
confirmed at each optimum annealing temperature.

To examine those primer amplification effects, we am-
plified single locus by PCR. *e 25 μL reaction volume
contains 12.5 μL 2×Taq PCR MasterMix (TIANGEN),
9.5 μL ddH2O, 1 μL forward primer (10 pmol), 1 μL reverse
primer (10 pmol), and 1 μL DNA template. *e thermal
profile used an initial denaturation step of 94°C for 3min
followed by 35 cycles of denaturation at 94°C for 30 s,
annealing at optimum temperature for 30 s, and extension at
72°C for 40 s. A 5min final extension at 72°C was added at
the end of cycle. PCR products were checked on 2% AGE
(agarose gel electrophoresis).

Fluorescent genotyping method was used to select ap-
propriate loci for further polymorphism examination. We
amplified single locus by PCR.*e PCR amplification program
was the same as above, apart from the DNAs of 10 individuals
used as the PCR templates, and the forward primer of each pair
was labeled with a fluorescent dye FAM or HEX or ROX. PCR
products were analyzed using ABI 3130 sequencer (Applied
Biosystems) according to the manufacturer’s instructions.

Allele sizes were determined using GENEMAPPER version 4.0
(Applied Biosystems), LIZ-500 as size standard.

*e number of alleles per locus (NA), expected het-
erozygosity (He), observed heterozygosity (Ho), and poly-
morphic information content (PIC) were assessed using
Microsatellite Tools for Excel [14]. Hardy–Weinberg equi-
librium (HWE) and genotypic linkage disequilibrium be-
tween pairs of microsatellites were calculated with
GENEPOP V3.4 [15]. *is method precludes the false
positive inmultiple tests.When the loci deviated fromHWE,
tests were performed using GENEPOP V3.4 to find out
whether deviations were the result of a deficit or an excess of
heterozygotes.

3. Results

3.1. Characterization of SSRDistribution. 1274 SSR loci were
identified from the 49919 unigenes. *ese SSRs have 555
mono-, 333 di-, 359 tri-, 17 tetra-, 6 penta-, and 4 hex-
anucleotide repeats, which corresponded to 43.56%, 26.14%,
28.18%, 1.33%, 0.47%, and 0.31% of total SSRs, respectively.
Frequency of SSRs based on the number of repeat units in
Octodonta nipae transcriptome is provided in Table 1.

*e 10 most frequent motif types in transcriptome were
A/T (41.21%), AT/TA (15.86%), AAG/CTT (7.61%), AAT/ATT
(7.22%), AC/GT (5.49%), AG/CT (4.79%), AAC/GTT (3.45%),
ACC/GGT (3.14%), ATC/ATG (2.43%), and C/G (2.35%). All
the possible cases were included, while calculating the frequency
of each motif type. In a repeat sequence, for example, AC
contained AC and CA, and AAC have AAC, ACA, and CAA.
*e frequency and number of repeats of all microsatellite motif
types are given in Table 2.

3.2.MicrosatelliteCharacteristics. By analyzing the 1274 SSR
loci by the software Primer Premier 5, we found 157 loci
were suitable for designing 788 pairs of primers. According
to the evaluation of Oligo 7.0, the primers of 124 loci were up
to standard, namely, 40 for dinucleotide repeats, 80 for
trinucleotide repeats, and 4 for tetranucleotide repeats, re-
spectively. In total, 124 pairs of primers were designed and
synthesized, one optimized pair of primers for one locus.

Out of the 124 primer pairs, 104 primer pairs amplified the
expected products.*e 9 loci that appeared to be polymorphic
and easy to amplify were chosen to genotype 24 individuals
from 2 different populations (12 individuals from Zhangzhou

Table 1: Frequency of SSRs based on the number of repeat units in Octodonta nipae transcriptome.

Repeat type
Number of repeats

Total Percentage
4 5 6 7 8 9 10 11 ≥12

Mononucleotide — — — — — — — — 555 555 43.56
Dinucleotide — — 159 71 43 18 20 22 — 333 26.14
Trinucleotide — 255 78 15 11 — — — — 359 28.18
Tetranucleotide — 14 3 — — — — — — 17 1.33
Pentanucleotide 6 — — — — — — — — 6 0.47
Hexanucleotide 4 — — — — — — — — 4 0.31
Total 10 269 240 86 54 18 20 22 555
Percentage 0.78 21.11 18.84 6.75 4.24 1.41 1.57 1.73 43.56
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population and 12 individuals from Fuzhou population). *e
number of alleles per locus ranged from 2 to 3, with an average
of 2.56. *e primer sequences and other summarized data for
each locus are given in Table 3.

In Zhangzhou population, the expected and observed
heterozygosity ranged from 0.083 (On1) to 0.681 (On2) and
from 0.083 (On1) to 0.667(On1), respectively. Out of the 9
loci, three (On1, On3, and On8) were significantly deviated
from HWE. Further analyses revealed that On1 was caused
by excess of homozygotes, and On3 and On8 were due to
excess of heterozygotes. *e PIC (polymorphic information
content) of alleles per locus ranged from 0.077 to 0.584, with
an average of 0.372 (Table 3).

In Fuzhou population, the expected and observed het-
erozygosity ranged from 0 (On4 and On6) to 0.591 (On2) and
from 0 (On4 and On6) to 0.583 (On18), respectively. *ree of
the 9 loci (On2, On4, and On6) were significantly deviated
from HWE. Further analyses revealed that those 3 loci were
caused by excess of homozygotes. *e PIC of alleles per locus
ranged from 0 to 0.501, with an average of 0.256 (Table 3).

4. Discussion

In this study, we found that the SSR loci ofO. nipae had some
difference with those of other insects, which can be observed
from Table 4, and the ratio of mononucleotide repeat was

mostly in the transcriptome data of the four known insects,
ranging from 37.59% to 89.44% with significant difference. In
general, except for mononucleotide repeat, trinucleotide re-
peat was dominant. Because the codon was constituted of 3
nucleotides, the loss and increase of one trinucleotide repeat
would not result in frameshift mutations while the loss and
increase ofmononucleotide, dinucleotide, and tetranucleotide
repeat would result in severe frameshift mutations, which
further affected the expression and regulation of genes [16].
*e ratio of dinucleotide repeat in O. nipae was about 26.14%
similar to the ratio of trinucleotide repeat (28.18%) which was
different with the situation in other insects. *is kind of
situation may be caused by the different screening criteria of
SSR and transcriptome cover.

A/T repeat unit was abundant in the SSR repeat unit of
O. nipae: A/T, AT/TA, and AAG/GTT/AAT/ATT were the
dominant types of repeat unit of mononucleotide, di-
nucleotide, and trinucleotide, respectively. It can be seen
from this that the SSR had a preference of the sequence
enriched of A or T; therefore, the frequency of SSR sequence
enriched of G or C was relatively low, and thus, our results
are in line with the previously published research results of
transcriptome [17]. As the SSR of transcriptome was located
in the transcribed region, the sequence of SSR would affect
the translation to perform different function. *e study of
the SSR enriched of A or Twould deepen the understanding of

Table 2: Frequency of SSRs based on motif types in Octodonta nipae transcriptome.

SSR Number of repeats
Total Percentage

SSR motif type 4 5 6 7 8 9 10 11 ≥12
A/T — — — — — — — — 525 525 41.21
C/G — — — — — — — — 30 30 2.35
AC/GT — — 28 17 14 5 4 2 70 5.49
AG/CT — — 28 9 10 4 4 6 61 4.79
AT/TA — — 103 45 19 9 12 14 202 15.86
AAC/GTT — 33 9 1 1 — — — 44 3.45
AAG/CTT — 63 23 6 5 — — — 97 7.61
AAT/ATT — 70 17 2 3 — — — 92 7.22
ACC/GGT — 28 9 3 — — — — 40 3.14
ACG/CGT — 2 1 1 — — — — 4 0.31
ACT/AGT — 8 2 1 2 — — — 13 1.02
AGC/CTG — 14 5 1 — — — — 20 1.57
AGG/CCT — 11 1 — — — — — 12 0.94
ATC/ATG — 24 7 — — — — — 31 2.43
CCG/CGG — 2 4 — — — — — 6 0.47
AAAC/GTTT — 1 — — — — — — 1 0.08
AAAG/CTTT — 1 — — — — — — 1 0.08
AAAT/ATTT — 6 — — — — — — 6 0.47
AACC/GGTT — 3 — — — — — — 3 0.24
AAGT/ACTT — 1 1 — — — — — 2 0.16
AATC/ATTG — 1 — — — — — — 1 0.08
ACTG/AGTC — — 2 — — — — — 2 0.16
AGAT/ATCT — 1 — — — — — — 1 0.08
AAAAT/ATTTT 3 — — — — — — — 3 0.24
AAACT/AGTTT 1 — — — — — — — 1 0.08
AACCT/AGGTT 1 — — — — — — — 1 0.08
AATGT/ACATT 1 — — — — — — — 1 0.08
AAATTC/AATTTG 2 — — — — — — — 2 0.16
AATGGG/ATTCCC 1 — — — — — — — 1 0.08
AGCGGC/CCGCTG 1 — — — — — — — 1 0.08
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the function of SSR. Moreover, the polymorphism of SSR in
animals and plants was positively correlated with the length of
SSR [18], generally the polymorphism of low-grade units was
higher than that of high-grade units [19], the polymorphism of
dinucleotide repeat and trinucleotide repeat in repetition of 8
bases or more may be higher, according to the above-
mentioned criteria, the number of SSR loci meeting with the
conditions of dinucleotide repeat and trinucleotide repeat was
103 and 11, which possessed the ratio of 30.9% and 3% in
dinucleotide repeat and trinucleotide repeat, respectively.
According to this, we speculated that the polymorphism
detection efficiency ofdinucleotide repeat ofO. nipaewould be
higher than that of trinucleotide. Our experimental results
verify the speculation that 7 out of 9 polymorphic sites are
dinucleotide repeat. It means that, in order to improve the
development efficiency of the SSR polymorphic site in tran-
scriptome data, we selected proper site by detecting the
abundance and distribution of SSR.

Up to February 2017, the transcriptome data of more than
400 kinds of insect were uploaded toNCBI which provides lots
of precious resources for SSR development. Although the
development of SSR based on transcriptome sequencing was
used more and more widely, it still has many shortcomings
[20–22]: (1) *e polymorphism of the SSR obtained from the
transcriptome was lower than that of the SSR obtained from
the genome, even some transcriptome SSRs have no poly-
morphism, because the polymorphism of SSR is related to the

times of repetition of core sequence, but the times of repetition
of transcriptome SSR is not high. (2) *e SSR obtained from
transcriptome is cDNA without introns, and it is different
from the corresponding genome SSR; thus, the length of PCR
products may be longer than expected; the PCR amplification
may be inefficient or the PCR amplificationmay fail. (3) Defect
still exists in high-throughput sequencing assembly which can
lead to many SSRs with more repetitions fracturing or missing
in the assembly process, leading to the transcriptome data
incomplete and less reliable.

Setting more effective criteria to screen SSR based on the
characters of SSR was suggested, for instance, assessment of
flank sequence length and similarity could be added into and
sites with more repetitions could be chosen in the process of
site selection [23]. *e development efficiency could be
improved greatly by means of strict biological information
method. Besides, it is very meaningful to explore the SSR
function of molecular markers, through gene location and
sequence alignment conduct function annotation to get
a deeper understanding of the biological meaning of these
genes [24]. As part of the transcriptome SSR can be used in
the same genus and even within the same family to conduct
cross-species amplification, those chosen sites can be used to
construct an evolutionary tree model to analyze evolution
and classification and other issues.

*e 9 loci that appeared to be polymorphic and easy to
amplify were chosen to genotype 24 individuals from two

Table 3: Characteristics of 9 microsatellite loci isolated from Octodonta nipae.

Locus Primer sequences (5′-3′) Repeat
motif

TA
(°C)

Range
(bp) NA

He Ho PIC HWE
ZZ FZ ZZ FZ ZZ FZ ZZ FZ

On1 F: AACATAGAATCGACATCATGCGT
R: GATTTACAGAACGGAGTTCATGC (TA)8 47.6 96–98 2 0.083 0.344 0.083 0.250 0.077 0.275 — 0.404

On2 F: AGTTGCATAACTTCCGAAATGAA
R: TCTAGGAATCAGCTCTGCCATTA (GT)9 52.4 99–103 3 0.681 0.591 0.667 0.250 0.579 0.501 0.398 0.002

On3 F: GCTTTGCAACAACAAAGAAGAAT
R: TCAAAAGAAAGGAAAAAGTTCCC (CA)10 50.9 97–105 3 0.678 0.359 0.750 0.417 0.584 0.307 0.015 1.000

On4 F: AGACGTCAAGTTTTAACACGCAT
R: TATAGACGGAGAACTGGCAACAT (AT)6 53.7 113–117 2 0.159 0.000 0.167 0.000 0.141 0.001 1.000 —

On5 F: TGCTTAGATTTAGCACCAAGCTG
R: TTAAATTCGAACCAAGCTGGTAG (GT)8 53.1 131–137 3 0.562 0.522 0.583 0.333 0.432 0.375 1.000 0.282

On6 F: AGCTAATTGCGGCTGATTAGATA
R: GCGGTAAATATGTCAAAAGCAAG (AT)6 50.2 159–161 2 0.159 0.000 0.167 0.000 0.141 0.001 1.000 —

On7 F: ATGTGTACCCTGAAAGAGGGTTT
R: GAAAAATTTGAGAAGCTTCGGTT (CT)7 51.3 155–163 3 0.663 0.453 0.417 0.417 0.561 0.369 0.065 1.000

On8 F: AATGAAAAATTGACTTGGCAGAA
R: CCGGCGTACATAACCTACTTTTT (AAG)5 51 121–127 3 0.344 0.431 0.417 0.583 0.275 0.328 0.001 1.000

On9 F: AACTTAAACCAGAATCGGCTCTC
R: ATGATGTCGGACGATTCTCTTC (CAA)5 55 138–141 2 0.663 0.163 0.167 0.167 0.561 0.150 1.000 0.487

TA, primer annealing temperature; range, size range of alleles in base pairs; NA, number of alleles per locus; He, expected heterozygosity; Ho, observed
heterozygosity; PIC, polymorphic information content; HWE, Hardy–Weinberg equilibrium.

Table 4: Frequency of SSRs based on the number of repeat units in four insects’ transcriptome.

Insect
Percentage

Mononucleotide Dinucleotide Trinucleotide Tetranucleotide Pentanucleotide Hexanucleotide
Octodonta nipae 43.56 26.14 28.18 1.33 0.47 0.31
Phenacoccus solenopsis 89.44 2.31 7.52 0.67 0.06 —
Nilaparvata lugens 37.59 17.28 37.38 2.09 0.52 0.21
Tenebrio molitor 44.44 11.21 41.15 1.68 0.96 0.56
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different populations (Fuzhou and Zhangzhou populations),
and their PIC had large differences in those two populations.
Some loci were discovered to be significantly deviated from
HWE (P< 0.05), which may be due to population bottleneck
effect or null alleles or small sample size, considering the fact
that the species invaded Fujian Province several years ago.
*e relatively short time for the species invasion into Fujian
may result in the low allele diversity in this study. Although
the polymorphisms of 9 loci were not very high, they should
be powerful tools for investigating the genetic diversity and
the invasion route in O. nipae.
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-e history of Chinese herb research can be traced back to thousands of years ago, and the abundant knowledge accumulated for
these herbs makes them good candidates for developing new natural drugs. Isatis tinctoria is probably the most well-studied
Chinese herb, which has been identified to be effective against dengue fever. However, the underlying biological mechanisms are
still unclear. In this study, we adopt combined methods of bioactive trace technology and phytochemical extraction and sep-
aration, to guide the isolation and purification of the effective chemical constituents on the water-soluble components of aerial
parts of Isatis tinctoria. In addition, we apply polarimetry and 1D or 2D nuclear magnetic resonance (NMR) spectroscopy to
identify their structures, which lay a foundation for further study on the biological mechanisms underlying medicinal effects of
Isatis tinctoria using in vitro and in vivo experiments. Specifically, we identify and infer the structures of 27 types of chemical
compounds named GB-1, GB-2, . . ., GB-27, respectively, among which GB-7 is a novel compound. Further study of these
compounds is critical to reveal the secrets behind the medicinal effects of Isatis tinctoria.

1. Introduction

Dengue fever (DF) is a kind of acute infectious diseases
caused by dengue virus (DV). Its major clinical symptoms
include acute high fever, headache, generalized myalgia,
ostalgia and arthralgia, rash, hemorrhagic tendency, and
low white blood cell count [1]. Dengue hemorrhagic fever
(DHF) is a kind of dengue fevers with more serious clinical
symptoms like extremely high fever, severe hemorrhage,
shock, low platelet count, pachyhematous, and high death
rate [2]. A DHF accompanying with shock is called dengue
shock syndrome (DSS).

Aedes aegypti and Aedes albopictus are two major vectors
for transmission of dengue viruses [3]. Dengue fever is
endemic in tropical and subtropical zones and has become
one of the most wide-spread, infectious, and dangerous
arboviral diseases. In recent years, there are several out-
breaks of dengue fever and dengue hemorrhagic fever in
Southeast Asia, Pacific Islands, Central America, and South

America, making it a critical world-wide issue for public
health [4].

Currently, there is no vaccine or antiviral treatment for
dengue fever [5]. -e patients are only recommended to
drink plenty of fluids or take medicines like acetaminophen
to avoid dehydration from vomiting and high fever [6].
-us, it is very important to develop new antiviral drugs
against dengue viruses. However, there are many difficulties
in the synthesis of new compounds including high cost, low
yields, and so on [7], which urges drug companies and
research entities to search for antiviral drugs from natural
products. It is known that traditional Chinese medicines are
among the most studied natural products in curing diseases
[8]. Owing to thousands of years’ clinical trials of these
medicines in China, traditional Chinese doctors have plenty
of experience in combining natural products to cure diseases
and protect people from the invasion of many viruses. -us,
it is promising to isolate antiviral drugs from Chinese
medicinal herbs.
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As a type of popular traditional Chinese medicinal herb,
Isatis tinctoria (woad, Brassicaceae or Ban LanGen) has been
proven to be effective against various viruses including
influenza, hepatitis A virus (HAV), and so on [9–11]. It has
also been used in treating the dengue fever with positive
effects [12]. In this study, we isolated and purified the
bioactive compounds of hydrosoluble constituents from the
soil-growing woad by integrating bioassay-guided fraction
technique and phytochemical isolation and purification
techniques. In addition, we inferred the chemical structures
of these compounds by polarimetry and 1D or 2D nuclear
magnetic resonance (NMR).

2. Results

A total of 27 compounds, namely GB-1, GB-2, . . ., GB-27
were isolated from water-soluble components of aerial parts
of Isatis tinctoria, and their structures were inferred as
follows.

2.1. Structural Identification of Compound GB-1. Chemical
compound GB-1 is a kind of white amorphous powder easily
soluble in methanol, ethanol, and acetone. -e identified
chemical structure of GB-1 is plotted in Figure 1(a), and the
detailed information about its 1H NMR (500MHz, DMSO-
d6) and 13C NMR (125MHz, DMSO-d6) is listed in Table 1.

According to 1H NMR data, there exist four double-
bond H signals including δH 7.19 (1H, s), δH 7.00 (1H, t,
J� 8.6), δH 6.97(1H, d, J� 8.6), and δH 6.67 (1H, d, J� 8.6) in
the low field. While in the relative high field, there exists H
signal in AB system δH 4.17 (2H, d, J� 12.4), indicating the
presence of methylene in the deshielded region. In addition,
we also identified a set of glycon signals including: δH 4.88
(1H, d, J� 7.6), 3.25 (1H, dq, J� 9.0, 6.0), 3.72 (1H, dd,
J� 12.0, 2.4), and 3.48 (1H, d, J� 12.0), which were inferred
to be D-glucose.

As can be seen from 13C NMR data, there are eight C
signals including δc 122.9, 120.3, 122.6, 103.3, 151.9, 106.1,
137.9, and 103.8 in the low field, indicating that the com-
pound belongs to indole alkaloid. -e methylene signal δc
14.9 is present in the high field, which also confirms the
inference of the hydrogen spectrum. Combining with DEPT
NMR, the compound contains 5 quaternary carbon signals,
9 methine signals, and 2methylene signals. In addition, there
is a group of glycon signals: δc 101.3, 77.1, 76.7, 73.5, 69.8,
and 60.8. -us, the monosaccharide can be inferred to be
β-D-glucose. We also inferred other C and H signals by
HSQC correlation analysis. According to the above NMR
results, GB-1 is cappariloside A.

2.2. Structural Identification of Compound GB-2. Chemical
compound GB-2 is a kind of bisque needle-like crystalloid,
easily soluble in methanol and acetone. -e identified
chemical structure is plotted in Figure 1(b), and the detailed
information about 1H NMR (500MHz, DMSO-d6) and 13C
NMR (125MHz, DMSO-d6) is listed in Table S1. According
to 1H NMR data, there exist four double-bond H signals
including δH 7.46 (1H, d, J� 8.0), δH 7.33 (1H, d, J� 8.0), δH

7.08 (1H, t, J� 8.0), and δH 6.98 (1H, t, J� 8.0) in the low
field, indicating the presence of ortho-disubstituted benzene
ring structure. While in the relative high field region, there
exist methylene H signal of δH 3.27 (1H, dd, J� 12.7, 4.0) and
3.01 (1H, dd, J� 12.7, 8.1).

As can be seen from 13C NMR data, there exist eight C
signals, including δc 136.3, 126.3, 125.7, 121.7, 119.0, 117.8,
111.3, and 104.5 in the low field, suggesting that the com-
pound belongs to indole alkaloid. -e methylene signal of δc
14.9 and 40.1 is present in the high filed, which also confirms
the inference of the hydrogen spectrum. Combining with the
DEPT NMR, the compound contains 5 quaternary carbon
signals, 5 methine signals, and 2 methylene signals. -us,
GB-2 was inferred to be 1-csrboline acid.

2.3. Structural Identification of Compound GB-3. Chemical
compound GB-3 is a kind of bisque needle-like crystalloid,
easily soluble in methanol and acetone. -e identified
chemical structure is plotted in Figure 1(c), and the detailed
information about 1H NMR (500MHz, DMSO-d6) and 13C
NMR (125MHz, DMSO-d6) is listed in Table S2. We
compared the NMR data of GB-3 with that of GB-2, which
suggests that GB-3 contains the signal of indole alkaloids. In
addition, there exist the ABX system signal and the qua-
ternary carbon signals of δc 152.3 in the H spectrum, in-
dicating that hydroxyl substitution occurs at position C-5.
-us, GB-3 was inferred to be 2H-indol-2-one, 1,3-dihydro-
5-hydroxy.

2.4. Structural Identification of Compound GB-4. Chemical
compound GB-4 is a kind of white crystals, easily soluble in
methanol and acetone. -e identified structure is plotted in
Figure 1(d), and the detailed data about 1H NMR (500MHz,
DMSO-d6) and 13C NMR (125MHz, DMSO-d6) are listed in
Table S3. According to 1H NMR data, there exist four double-
bond H signals including δH 8.34 (1H, s) and δH 8.13 (1H, s).
We inferred that the signal of δH 7.37 (2H, s) belongs to
amino-H, which may be connected to a benzene ring or
double bonds, and the signal of δH 7.37 (1H, d, J� 6.5) belongs
to ribose terminal group H. -us, we conjectured that the
compound is β configuration based on the coupling constant.

As can be seen from 13C NMR data, there are five C
signals including δc 87.9, 85.9, 73.5, 70.7, and δc 61.7, in-
dicating the presence of ribose in the chemical compound. In
addition, the C signal that exists in the low field is adenine.
Combining with the DEPT NMR, the compound contains 3
quaternary carbon signals, 6 methine signals, and 1methylene
signal. -us, GB-4 is adenosine.

2.5. Structural Identification of Compound GB-5. Chemical
compound GB-5 is a kind of bisque needle-like crystalloid,
easily soluble in methanol and acetone. -e identified
chemical structure is plotted in Figure 1(e), and the detailed
data about 1H NMR (500MHz, CD3OD) and 13C NMR
(125MHz, CD3OD) are listed in Table S4. According to 1H
NMR data, there exist four covalent bonds H signal of δH
7.30 (2H, s) and methoxy signal of δH 3.87 (6H, s),
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suggesting that the compound has benzene ring substituted
type of symmetrical structure. As can be seen from 13C
NMR data, there are signal of δc 170.0 and methoxy signal
of δc 56.7, indicating the presence of carboxylic acid structure
in the compound. Combining with the DEPT NMR, the
compound contains 5 quaternary carbon signals, 2 methine,
signals and 2 methylene signals. -us, GB-5 is syringic acid.

2.6. Structural Identification of Compound GB-6. Chemical
compound GB-6 is a kind of bisque needle-like crystalloid,

easily soluble in methanol. -e identified chemical structure
is plotted in Figure 1(f), and the detailed data about 1HNMR
(500MHz, CD3OD) and 13C NMR (125MHz, CD3OD) are
listed in Table S5. We compared the compound with
chemical GB-5, indicating that they are of the same struc-
tural skeleton. However, the compound has more signals
compared to GB-5, such as a set of double-bond signals,
a hydroxymethyl signal (δc 62.8), and a set of glucose
signal (δc 104.9, 78.8, 78.5, 76.1, and 62.6). Based on DEPT
NMR, the compound contains 4 quaternary carbon signals,
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9 methine signals, 2 methylene signals, and 2 methyl signals.
-us, GB-6 is syringin.

2.7. Structural Identification of Compound GB-7. Chemical
compound GB-7 is a kind of white amorphous powder,
easily soluble in methanol and acetone. -e identified
chemical structure is plotted in Figure 2(a), and the detailed
data about 1H NMR (500MHz, CD3OD) and 13C NMR
(125MHz, CD3OD) are listed in Table 2.

According to 1H NMR data, there are three H signals on
benzene ring including δH 7.22 (1H, t, J� 7.8), δH 6.65 (1H, d,
J� 7.8), and δH 6.60 (1H, d, J� 7.8), indicating that there
exist benzene ring structure group ortho-substitution and
also a methoxy H signal of δH 3.68 (3H, s).

As can be seen from 13C NMR data, there exist signal of δc
180.6 in the low field, indicating that the compound has
carboxylic acid structure. In addition, there also exists
a methoxy signal of δc 55.4. Combining with DEPT NMR, the
compound contains 6 quaternary carbon signals, 3 methine
signals, 1 methylene signal, and 1 methyl signal. However, we
failed to find any compound that is consistent with these
properties. After searching the SciFinder databases, we
confirmed the compound GB-7 as a new monomer.

2.8. Structural Identification of Compound GB-8. Chemical
compound GB-8 is a kind of bisque needle-like crystalloid,
easily soluble in methanol and acetone. -e identified
chemical structure is plotted in Figure 2(b), and the detailed
data about 1H NMR (500MHz, CD3OD) and 13C NMR
(125MHz, CD3OD) are listed in Table S6. According to 1H
NMR data, there exist an H signal on symmetrical spaces of
benzene ring including δH 6.93 (2H, s) and double-bond
signals δH 7.72 (1H, d, J� 15.8) and δH 6.44 (1H, d, J� 15.8),
indicating that the double bonds possess trans configuration.
In addition, there also exist two sets of end group signals of
glycon including δH 4.33 (1H, d, J� 7.6) and 4.16 (1H, d,
J� 7.2), which were inferred to be two D-glucose.

Besides the typical C signal, the 13C NMR data also
contain two sets of signals of glycon including δc 95.8, 73.9,
77.9, 71.5, 77.9, and 69.5 and δc 104.5, 75.1, 77.7, 70.9, 77.8,
and 62.6, indicating that the compound contains 2 glucose,
which is connected by positions 1 and 6. -us, GB-8 was
inferred to be 1-(O-trans-3″,4″-dihydroxy-5″-methoxy)-O-
trans-cinnamoyl gentiobiose.

2.9. Structural Identification of Compound GB-9. Chemical
compound GB-9 is a kind of bisque oily matter, easily
soluble in chloroform and ethyl acetate. -e identified
chemical structure is plotted in Figure 2(c), and the detailed
data about 1H NMR (500MHz, CD3OD) and 13C NMR
(125MHz, CD3OD) are listed in Table S7. According to 1H
NMR data, there only exist five sets of H signals including δH
5.46 (1H, d, J� 15.6), δH 2.43 (1H, dd, J� 13.8, 6.8), 2.31 (1H,
dt, J� 13.8, 4.6), and δH 2.12 (1H, dt, J� 13.8, 6.8). Since only
one double-bond H signal is showed, the compound has
a symmetrical structure with double bonds as the center.

As can be seen from 13C NMR data, there exists a signal
of δc 180.1 in the low field, indicating that the compound has
carboxylic acid structure. In addition, there also exist double
bond signals, indicating the presence of a center double
bond. Combining with the DEPT NMR, the compound
contains 2 quaternary carbon signals, 4 methine signals, 2
methylene signals, and 2 methyl signals. As a result, GB-9
was inferred to be (E)-2, 7-dimethyloct-4-enedioic acid.

2.10. Structural IdentificationofCompoundGB-10. Chemical
compound GB-10 is a kind of white powder, easily soluble in
methanol and chloroform. -e identified chemical structure
is plotted in Figure 2(d), and the detailed data about 1H
NMR (500MHz, CD3OD) and 13C NMR (125MHz,
CD3OD) are listed in Table S8. According to 1H NMR data,
there exist 2 double bond H signals including δH 6.07 (1H,
dd, J� 15.9, 3.3) and δH 5.77 (1H, dd, J� 15.9, 6.3) in the low
field. While in the high field, there exist 4 methyl signals
including δH 1.27 (3H, d, J� 6.0), δH 0.84 (3H, s), δH 1.14
(3H, s), and δH 1.20 (3H, s), suggesting the compound
belongs to sesquiterpene type.

As can be seen from 13C NMR data, there exist
signals of δC 136.2 and 131.3, indicating that the com-
pound has a double bond structure. In addition, there
also exist 4 methyl signals including δc 24.1, 26.2, 27.1,
and 27.5. Combining with DEPT NMR, the compound
contains 3 quaternary carbon signals, 4 methine signals, 2
methylene signals, and 4 methyl signals, indicating
the compound to be lower 2 carbon sesquiterpenes. -us,
GB-10 is (3S, 5R, 6S)-6-((E)-3-hydroxybut-1-enyl)-1,1,5-
trimethylcyclohexane-3,5,6-triol.

2.11. Structural IdentificationofCompoundGB-11. Chemical
compound GB-11 is a kind of white powder, easily soluble in
methanol and chloroform.-e identified chemical structure is
plotted in Figure 2(e), and the detailed data about 1H NMR
(500MHz, CD3OD) and 13C NMR (125MHz, CD3OD) are
listed in Table S9. According to 1H NMR data, there exist two
double bond H signals including δH 6.07 (1H, dd, J� 15.9, 3.3)

Table 1: 1H and 13C NMR data of compounds GB-1 in DMSO-d6
(δ, ppm; J, Hz).

Positions 1H NMR 13C NMR
2 7.19 (1H, s) 122.9 (CH)
3 120.3 (C)
4 122.6 (C)
5 6.67 (1H, d, J� 8.6) 103.3 (CH)
6 7.00 (1H, t, J� 8.6) 151.9 (CH)
7 6.97 (1H, d, J� 8.6) 106.1 (CH)
8 138.0 (C)
9 103.8 (C)
10 4.17 (2H, d, J� 12.4) 15.0 (CH2)
11 116.6 (C)
1′ 4.88 (1H, d, J� 7.6) 101.3 (CH)
2′ 3.60 (1H, dd, J� 9.0, 7.8) 73.6 (CH)
3′ 3.91 (1H, dd, J� 9.0, 9.0) 76.7 (CH)
4′ 3.44 (1H, t, J� 9.0) 69.8 (CH)
5′ 3.25 (1H, dq J� 9.0, 6.0) 77.1 (CH)

6′ 3.72 (1H, dd, J� 12.0, 2.4) 60.8 (CH2)3.48 (1H, d, J� 12.0)
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and δH 5.77 (1H, dd, J� 15.9, 6.3) in the low field. While in the
high field, there exist 4 methyl signals including δH 1.27 (3H, d,
J� 6.0), δH 0.84 (3H, s), δH 1.14 (3H, s), and δH 1.20 (3H, s),
suggesting that the compound belongs to sesquiterpene type.

As can be seen from 13C NMR data, there exist signals
of δc 136.2 and 131.3 in the low field, indicating that the
compound a has double bond structure. In addition, there
also exist 4 methyl signals including δc 24.2, 26.2, 27.1, and

27.5. Combining with DEPT NMR, the compound contains
3 quaternary carbon signals, 4 methine signals, 2 methylene
signals, and 4 methyl signals. In addition, there exist 13 C
signals, and thus, the compound belongs to lower 2 carbon
sesquiterpenes. Compared with the previous compound,
only a difference was found in the spatial structure of
position C-6. -us, GB-11 was inferred to be (3S, 5R, 6R)-
6-((E)-3-hydroxybut-1-enyl)-1,1,5-trimethylcyclohexane-
3, 5,6-triol.

2.12. Structural IdentificationofCompoundGB-12. Chemical
compound GB-12 is a kind of white powder, easily soluble in
methanol and chloroform. -e identified chemical structure
is plotted in Figure 2(f), and the detailed data about 1HNMR
(500MHz, CD3OD) and 13C NMR (125MHz, CD3OD) are
listed in Table S10. -e NMR data of the GB-12 and GB-10
are quite similar. However, in the former, there exists an
additional carbonyl signal of δc 201.1 in the low field along
with a set of additional double-bond signals of δc 167.4 and
126.9, and 2 less methines, and 1 less methylene signal.
Combining with DEPT NMR, the compound contains 4
quaternary carbon signals, 4 methine signals, 1 methylene

Table 2: 1H and 13C NMR data of compound GB-7 in DMSO-d6
(δ, ppm; J, Hz).

Positions 1H NMR 13C NMR
2 172.7 (C)
3 3.93 (2H, d, J� 14.7) 42.5 (CH2)
4 75.2 (C)
5 7.21 (1H, d, J� 7.6) 131.0 (CH)
6 6.60 (1H, br.d, J� 7.6) 105.8 (CH)
7 157.7 (C)
8 6.65 (1H, br.s) 103.8 (CH)
9 118.6 (C)
10 145.5 (C)
O-Me 3.68 (3H, s) 55.4 (CH3)
COOH 180.6 (C)
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signal, and 4 methyl signals. It is easily seen that there
exist 13C signals, and thus the compound belongs to lower
2 carbon sesquiterpenes. As a result, GB-12 is (6S)-6-
hydroxy-6-((E)-3-hydroxybut-1-enyl)-1,1,5-trimethylcy-
clohex-3-enone.

2.13. Structural IdentificationofCompoundGB-13. Chemical
compound GB-13 is a kind of white powder, easily soluble in
methanol and chloroform. -e identified chemical structure
is plotted in Figure 3(a), and the detailed data about 1HNMR
(500MHz, CD3OD) and 13C NMR (125MHz, CD3OD) are
listed in Table S11. In general, the NMR data of GB-13 and
GB-12 are very similar except for a difference in the spatial
structure of C-9 position. Combining with DEPT NMR, the
compound contains 4 quaternary carbon signals, 4 methine
signals, 1 methylene signal, and 4 methyl signals. -us, GB-
13 is (6S)-6-hydroxy-6-((E)-3-hydroxybut-1-enyl)-1,1,5-
trimethylcyclohex-3-enone.

2.14. Structural Identification of Compound GB-14. Chemical
compound GB-14 is a kind of white powder, easily soluble
in methanol and chloroform. -e identified chemical
structure is plotted in Figure 3(b), and the detailed data
about 1H NMR (500MHz, CD3OD) and 13C NMR
(125MHz, CD3OD) are listed in Table S12. -e NMR data
of the GB-14 and the GB-11 show that the compound
skeleton was same and there are more glucose signals in-
cluding C 102.0, 77.8, 77.7, 74.9, 71.4, and 62.5. Combining
with DEPT NMR, the compound contains 3 quaternary
carbon signals, 9 methine signals, 3 methylene signals, and 4
methyl signals, suggesting that there are 19 C signals, and
the compound is a glycoside of lower 2 carbon sesquiter-
penes. -us, GB-14 was inferred to be (3S, 5R, 6R)-6-((E)-
3-hydroxybut-1-enyl)-1,1,5-trimethylcyclohexane-5,6-diol
3-O-β-D-glucopyranosid.

2.15.Structural IdentificationofCompoundGB-15. Chemical
compound GB-15 is a kind of white powder, easily soluble in
methanol and chloroform. -e identified chemical structure
is plotted in Figure 3(c), and the detailed data about 1H
NMR (500MHz, CD3OD) and 13C NMR (125MHz,
CD3OD) are listed in Table S13. -e NMR data of the GB-15
and GB-14 show that the compound skeleton was the same,
and there is only one more δC 200.3 carbonyl signal in the
low field. Combining with DEPT NMR, the compound
contains 4 quaternary carbon signals, 8 methine signals, 3
methylene signals, and 4 methyl signals, suggesting that
there are 19 C signals, and the compound is a glycoside of
lower 2 carbon sesquiterpenes. -us, GB-15 is (3S, 5R, 6R)-
6-((E)-3-one but-1-enyl)-1,1,5-trimethylcyclohexane-5,6-
diol 3-O-β-D-glucopyranosid.

2.16. Structural Identification of Compound GB-16. Chemical
compound GB-16 is a kind of white powder, easily soluble in
methanol and chloroform. -e identified chemical structure
is plotted in Figure 3(d), and the detailed information is
shown in Table S14. We compared compound GB-16 with

compound GB-14 and found that they are of the same
structural skeleton. In addition, GB-16 is only 18 molecular
weight less than GB-14 and has no double bonds. It was
speculated that the compound has an epoxy structure
formed by two hydroxyl groups. Combining with DEPT
NMR, the compound contains 3 quaternary carbon signals,
9 methine signals, 3 methylene signals, and 4 methyl signals,
suggesting that there are 19 C signals, and the compound is
a glycoside of lower 2 carbon sesquiterpenes. -us, GB-16
was inferred to be (3S, 5R, 6S, 7E, 9S)-megastigman-7-ene-
5,6-epoxy-3,9-diol 3-O-β-D-glucopyranoside.

2.17. Structural Identification of Compound GB-17. Chemical
compound GB-17 is a kind of white amorphous powder,
easily soluble in methanol. -e identified chemical structure
is plotted in Figure 3(e), and the detailed data about 1HNMR
(500MHz, CD3OD) and 13C NMR (125MHz, CD3OD) are
listed in Table S15. GB-17 has molecular weight of 162 more
than GB-16, and there is one more set of glucose signals in
NMR data, suggesting that GB-16 in turn connects to
a glucose structure. Combining with DEPT NMR, the
compound contains 3 quaternary carbon signals, 9 methine
signals, 3 methylene signals, and 4 methyl signals, indicating
that there are 19 C signals, and the compound is a glycoside
of lower 2 carbon sesquiterpenes. -us it was inferred to be
(3S, 5R, 6S, 7E, 9S)-megastigman-7-ene-5,6-epoxy-3,9-diol
3,9-O-β-D-glucopyranoside.

2.18. Structural Identification of Compound GB-18. Chemical
compound GB-18 is a kind of white amorphous powder,
easily soluble in methanol. -e identified chemical struc-
ture is plotted in Figure 3(f), and the detailed data are listed
in Table S16. -e NMR data of the GB-18 and the GB-12
show that they are of the same compound skeleton and GB-
18 has only one more glucose signal including δc 102.9,
78.2, 77.9, 75.0, 71.7 and 62.8. Combining with DEPT
NMR, the compound contains 3 quaternary carbon signals,
9 methine signals, 3 methylene signals, and 4 methyl sig-
nals, suggesting that there are 19 C signals and the com-
pound is a glycoside of lower 2 carbon sesquiterpenes.
-us, GB-18 was inferred to be (6S)-6-hydroxy-6-((E)-3-
α-hydroxybut-1-enyl)-1,1,5-trimethylcyclohex-3-enone 9-
O-β-D-glucopyranosid.

2.19. Structural Identification of Compound GB-19. Chemical
compound GB-19 is a kind of bisque needle-like crystalloid,
easily soluble in methanol. -e identified chemical structure
was plotted in Figure 4(a) and the detailed data are listed in
Table S17. -e 1H NMR of GB-19 has a H signal on the
median of the benzene ring including δH 6.38 (1H, d, J� 1.6)
and δH 6.17 (1H, d, J� 1.6), which indicating that all the
compounds have A and C rings that are substituted by
typical flavonoids C-2,3,5,7. -ere is a typical ABX system
that exists in the B ring including δH 7.64 (1H, dd, J� 6.4,
1.6), δH 7.73 (1H, d, J� 1.6), and δH 6.87 (1H, d, J� 6.4),
suggesting that the three substituted benzene ring structure
is connected with C-2.
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-e 13C NMR data also confirm the inference of the
H-spectrum. Combining with DEPT NMR, the compound
GB-19 contains 3 quaternary carbon signals, and 9 methine
signals. In the low field, there exist carbonyl C signal of δc
177.3, and 5 C signal connecting to the oxygen on the
benzene ring including δC 165.7, δC 162.5, δC 158.2, δC 148.7,
and δC 146.2. -ere also exist C signals of positions C-8 and
C-6. As an indication, G-19 is quercetin.

2.20. Structural Identification of Compound GB-20.
Chemical compound GB-20 is a kind of bisque needle-like

crystalloid, easily soluble in methanol.-e identified chemical
structure is plotted in Figure 4(b), and the detailed infor-
mation is listed in Table S18. By comparing with GB-19
and combining the results from the DEPT NMR, the com-
pound contains 7 quaternary carbon signals, 7 methine
signals, and 1 methylene signal, which was inferred to be
catechin.

2.21. Structural Identification of Compound GB-
21. Chemical compound GB-21 is a kind of bisque needle-
like crystalloid, easily soluble in chloroform and acetone.
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-e identified chemical structure is plotted in Figure 4(c),
and the detailed data about 1H NMR (500MHz, CDCl3)
and 13C NMR (125MHz, CDCl3) are listed in Table S19.
According to 1H NMR data, there are 3 benzene ring H
signals including δH 7.60 (1H, d, J � 9.6), δH 6.51 (1H, s),
and δH 6.34 (1H, d, J � 9.6) in the low field. -is is a typical
H-spectrum signal of coumarin containing 2 methoxy
signals, suggesting the compound to be three substituted
coumarin types. Combining with the DEPT NMR, the
compound contains 6 quaternary carbon signals, 3
methine signals, and 2 methyl signals. -us, the above
compound is fraxidin.

2.22. Structural Identification of Compound GB-22. Chemical
compound GB-22 is a kind of bisque needle-like crystalloid,
easily soluble in chloroform and acetone. -e identified
chemical structure is plotted in Figure 4(d), and the detailed
data about 1H NMR (500MHz, CDCl3) and 13C NMR

(125MHz, CDCl3) are listed in Table S20. -ere is an AMX
system in the 1H NMR including δH 8.16 dd (8.0, 1.8, H-5′),
δH 8.07 d (1.8, H-3′), and δH 7.3 d (8.3, H-6′). Based on the
DEPT NMR data, 17 carbon signals are found in the carbon
spectrum, and there are 9 quaternary carbon signals, 5
methine signals, and 3 methyl signals. -us, GB-22 is eu-
genol oxalate.

2.23. Structural Identification of Compound GB-23. Chemical
compound GB-23 is a kind of white powder, easily soluble in
chloroform and acetone. -e identified chemical structure is
plotted in Figure 4(e), and the detailed data about 1H NMR
(500MHz, CDCl3) and 13C NMR (125MHz, CDCl3) are
listed in Table S21. -e structure of compound GB-23 is
similar to that of the compound GB-22, with the addition of
a carboxylic acid signal and a set of double-bond signals.
According to the DEPT NMR data, there are 10 quaternary
carbon signals, 7 methine signals, and 3 methyl signals,
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which suggest that GB-23 is 4-O-acrylic-vanillic acid and
7-O-syringate.

2.24. Structural Identification of Compound GB-24. Chemical
compound GB-24 is a kind of white powder, easily soluble in
chloroform and acetone. -e identified chemical structure is
plotted in Figure 5(a), and the detailed data about 1H NMR
(500MHz, CDCl3) and 13C NMR (125MHz, CDCl3) are
listed in Table S22.

According to the DEPTNMR data, there are 3 quaternary
carbon signals, 4 methine signals, and 1 methyl signal. -e
methyl signal in this compound is δc 56.5, while the proton
signal of the hydrogen spectrum is δH 3.85, indicating that the
compound contains a methoxy group. As can be seen from
the 1H NMR, there exists a set of signals of ABX system
including δH 6.81 (1H, d, J� 2.0), 6.71 (1H, d, J� 8.0), and 6.65
(1H, dd, J� 8.0, 2.0), indicating that the compound contains
a 1,3,4 three-substituted benzene ring.-us, the compound is
3-(3,4-dihydroxyphenyl) propan-1,2-diol.

2.25. Structural Identification of Compound GB-25. Chemical
compound GB-25 is a kind of white powder, easily soluble in
methanol and chloroform. -e identified chemical structure
is plotted in Figure 5(b), and the detailed data about 1H
NMR (500MHz, CD3OD) and 13C NMR (125MHz,
CD3OD) are listed in Table S23. -e compound GB-25 has
additional one oxymethylene signal and a set of glucose
signal compared to GB-24. Combining with the DEPT
NMR, the compound contains 3 quaternary carbon signals,
10 methine signals, 1 methylene signal, and 1 methyl signal,
which was inferred to be guaiacylglycerol 9-O-β-D-
glucopyranoside.

2.26. Structural Identification of Compound GB-26 and
GB-27. Chemical compound GB-26 and GB-27 are white
powders, easily soluble in methanol and chloroform. -e

identified chemical structure is plotted in Figures 5(c) and
5(d), respectively. By comparing TLC on the H-spectrum
data with those on the standard product, the compounds were
inferred to be stigmasterol and β-sitosterol, respectively.

3. Discussion

Natural products are the treasures given by the nature, from
which a great advantage in screening antiviral drug can be
manifested. -ere is an inextricable link between the
chemical studies of new structurally active natural products
and the research on innovative drugs that are closely linked
to human health. Isatis tinctoria, a traditional Chinese herbal
medicine, has the effect of “clearing away heat and toxic
material, cooling blood to eliminate plaque, treating fever,
spotting, wind-heat embolism, and so on” [13]. -e antiviral
efficacy of Isatis tinctoria is mainly reflected in the treatment
of acute infectious diseases. It has been reported that crude
extraction of Isatis tinctoria has superior activity against
influenza virus, hepatitis virus, haemorrhagic fever virus,
human cytomegalovirus, coxsackievirus, herpes simplex
virus, and endotoxin [14]. However, most of the current
researches only focus on the research of crude extracts and
mixtures, but less is on specific compounds. -e antidengue
ingredients of Isatis tinctoria have not been reported yet.
-us, we studied the chemical constituents of aerial parts of
Isatis tinctoria, and a new compound GB-7 was obtained.

Existing studies have shown that the chemical compo-
sition of the Isatis tinctoria is a little bit complicated, and
most studies focused on alkaloids, flavonoids, and lignans
[15]. All these three compounds have excellent potential in
biological activity, but the mechanisms of action of these
compounds remain to be further discovered. In this work,
based on tracking technology of antidengue virus activity,
twenty-seven compounds, including one new compound
(GB7), were isolated from the aerial parts of Isatis tinctoria
purchased from Qiaocheng branch of the Bozhou herbs
corporation in Anhui province, which is for the seek of
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laying the foundation for the later experiments. As be seen
from the chemical structure, the compounds isolated from
the aerial part of the Isatis tinctorial are mainly alkaloids,
flavonoids, and phenolic compounds. Besides that, a series of
2-carbon-reduced sesquiterpenes, and their glycosides were
obtained via separation technique, which are rarely reported
in Isatis tinctoria. However, the biological activity of these
compounds is still unclear. In the future, in vitro experi-
ments including cytopathic effect (CPE) assay of C6/36
mosquito cells infected by the type 2 dengue virus (DV-
2), MTT colorimetric assay, virus load test, and in vivo
mouse infection experiments could be employed to validate
the roles of GB-7 in treating dengue fever. In addition, the
machine methods could be used to determine which
compounds are the most important for the antiviral effects
of Isatis tinctoria, as discussed in [16–18].

In order to obtain the active compound with antidengue
virus and lower cytotoxicity quickly and effectively, com-
binatorial methods of bioactive trace technology and phy-
tochemical extraction and separation are employed, which
guide the isolation and purification of the effective chemical
constituents on the water-soluble components of aerial parts
of Isatis tinctoria, and identify its structure. In this way,
a foundation for the development of plant-based antiviral
drugs can be available.

4. Materials and Methods

4.1. Tested Plants. Isatis tinctoria was purchased from
Qiaocheng branch of the Bozhou herbs corporation in
Anhui province, China. After identification, drying,
crushing, and over 40mesh sieve, these tested plants were
stored at room temperature for later use.

4.2. Main Instruments andMaterials. -e main instruments
and materials used in this study were run following standard
protocols including automatic tissue homogenizer,
ultraviolet/visible spectrophotometer, ultra high speed re-
frigerated centrifuge, high-speed countercurrent chroma-
tography, high-performance liquid chromatography, gas
chromatography, nucleic acid extractor, fluorescent PCR
instrument, 1H NMR (provided by Kunming Institute of
Botany), 13C NMR (provided by Kunming Institute of
Botany), Macroporous adsorption resin D101 (Dalian Elite
Co., Ltd.), D201 (Dalian Elite Co., Ltd.), Sephadex LH-20
(Amersham Biotechnology, Switzerland), MCI (Mitsubishi
Chemical, Japan), column chromatography silica gel, thin-
layer chromatography silica gel, silica-gel plate (second
branch of Qingdao Haiyang Chemical Co., Ltd.), RP18
(Dalian Elite Co., Ltd.), and EYELA rotary evaporator (Japan
Chemical Co., Ltd).

4.3. Isolation of Components of Aerial Parts of Isatis tinctoria
and Monomers. -e processes of isolating various compo-
nents and monomeric compounds from water-soluble
components are as follows: (1) apply D101 for separation
and purification (macroporous adsorption resin); (2) use
MCI column (porous adsorption resin); (3) use D201 column

(macroporous adsorption resin, D101 upgraded); (4) use
D201 column; (5) use Sephadex LH20 column (hydrox-
ypropyl cross-linked dextran); (6) use MCI column; and
(7) use silica gel column.

4.4. Spectrum Analysis. Each purified sample was subjected
to 1H NMR and 13C NMR spectra, and the pure compounds
could be obtained after analyzing the spectrum.
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Supplementary Materials

Table S1: 1H and 13C NMR data of compounds GB-2 in
DMSO-d6 (δ, ppm; J, Hz). Table S2: 1H and 13C NMR data of
compounds GB-3 in DMSO-d6 (δ, ppm; J, Hz). Table S3: 1H
and 13C NMR data of compounds GB-4 in DMSO-d6 (δ,
ppm; J, Hz). Table S4: 1H and 13C NMR data of compounds
GB-5 in DMSO-d6 (δ, ppm; J, Hz). Table S5: 1H and 13C
NMR data of compounds GB-6 in DMSO-d6 (δ, ppm; J, Hz).
Table S6: 1H and 13C NMR data of compounds GB-8 in
DMSO-d6 (δ, ppm; J, Hz). Table S7: 1H and 13C NMR data of
compounds GB-9 in DMSO-d6 (δ, ppm; J, Hz). Table S8: 1H
and 13C NMR data of compounds GB-10 in DMSO-d6 (δ,
ppm; J, Hz). Table S9: 1H and 13C NMR data of compounds
GB-11 in CD3OD (δ, ppm; J, Hz). Table S10: 1H and 13C
NMR data of compounds GB-12 in CD3OD (δ, ppm; J, Hz).
Table S11: 1H and 13C NMR data of compounds GB-13 in
CD3OD (δ, ppm; J, Hz). Table S12: 1H and 13C NMR data of
compounds GB-14 in CD3OD (δ, ppm; J, Hz). Table S13: 1H
and 13C NMR data of compounds GB-15 in CD3OD (δ,
ppm; J, Hz). Table S14: 1H and 13C NMR data of compounds
GB-16 in CD3OD (δ, ppm; J, Hz). Table S15: 1H and 13C
NMR data of compounds GB-17 in CD3OD (δ, ppm; J, Hz).
Table S16: 1H and 13C NMR data of compounds GB-18 in
CD3OD (δ, ppm; J, Hz). Table S17: 1H and 13C NMR data of
compound GB-19 in CD3OD (δ, ppm; J, Hz). Table S18: 1H
and 13C NMR data of compound GB-20 in CD3OD (δ, ppm;
J, Hz). Table S19: 1H and 13C NMR data of compound GB-21
in CD3OD (δ, ppm; J, Hz). Table S20: 1H and 13C NMR data
of compound GB-22 in CD3OD (δ, ppm; J, Hz). Table S21:
1H and 13C NMR data of compound GB-23 in CD3OD (δ,
ppm; J, Hz). Table S22: 1H and 13C NMR data of compound
GB-24 in CD3OD (δ, ppm; J, Hz). Table S23: 1H and 13C
NMR data of compound GB-25 in CD3OD (δ, ppm; J, Hz).
(Supplementary Materials)
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Background. Migratory waterfowl annually migrate over the continents along the routes known as flyways, serving as carriers of
avian influenza virus across distant locations. Prevalence of influenza varies with species, and there are also geographical and
temporal variations. However, the role of long-distance migration in multispecies transmission dynamics has yet to be un-
derstood. We constructed a mathematical model to capture the global dynamics of avian influenza, identifying species and
locations that contribute to sustaining transmission. Methods. We devised a multisite, multispecies SIS (susceptible-infectious-
susceptible) model, and estimated transmission rates within and between species in each geographical location from prevalence
data. Parameters were directly sampled from posterior distribution under Bayesian inference framework. We then analyzed
contribution of each species in each location to the global patterns of influenza transmission. Results. Transmission and migration
parameters were estimated by Bayesian posterior sampling.(e basic reproduction number was estimated at 1.1, slightly above the
endemic threshold. Mallard was found to be the most important host with the highest transmission potential, and high- and
middle-latitude regions appeared to act as hotspots of influenza transmission. (e local reproduction number suggested that the
prevalence of avian influenza in the Oceania region is dependent on the inflow of infected birds from other regions. Conclusion.
Mallard exhibited the highest transmission rate among the species explored. Migration was suggested to be a key factor of the
global prevalence of avian influenza, as transmission is locally sustainable only in the northern hemisphere, and the virus could be
extinct in the Oceania region without migration.

1. Introduction

Migratory waterfowl are deemed as important host of main-
taining avian influenza. Waterfowl annually migrate over the
continents along the routes known as migratory flyways,
serving as carriers of virus across distant sites [1–4]. Published
studies suggested that the prevalence of influenza virus varies
among different bird species (most frequently isolated from
dabbling ducks including mallards) and that there are also
geographical and temporal variations [5–7].

Such variations in the frequency of influenza virus may
result from heterogeneous nature of the transmission dy-
namics including susceptibility, climate effect, and population
dynamics along with the ecological behavior of these waterbirds
such as stopover, feeding, and breeding. (e long-distance

migration of the waterbirds is thus expected to play an im-
portant role in transmission, but the relevance of multispecies
transmission dynamics to the global patterns of avian influenza
have yet to be explored.

(e majority of avian influenza strains are believed to be
scarcely transmissible in the human population, and thus,
usually confined to bird species. However, sporadic spillover
events have been frequently observed in the last few decades
[8–10]. Previous studies demonstrated the certain in-
fectiousness to humans [11] and also the substantial po-
tential of human-to-human transmissibility acquired by
spontaneous mutations or via reassortment with human (or
swine) influenza viruses [12, 13]. (e emergence of such
novel virus with higher transmission potential could lead to
a serious worldwide pandemic, and thus, clarifying the
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natural history, ecological behavior of the hosts, and any
indication of ongoing genetic changes would be of utmost
practical importance.

A published study modelled interspecies transmission dy-
namics of avian influenza by employing the so-called SIS
(susceptible-infectious-susceptible) model, offering the defini-
tion of the reservoir species using the eigenvalue of the projected
next generation matrix [14]. Mallard and dabbling ducks were
identified as important hosts of influenza A virus from the
quantified next generation matrix based on species-specific
prevalence data. Adopting a similar approach, the present
study further incorporates geographical variations and the
migration between different sites into the model. Applying this
multisite, multispecies transmission model to the existing field
sample data in the regions along East Asian-Australian Flyway
(EAAF), the present study aims to capture the global dynamics
of avian influenza and to identify species and geographical
locations that essentially contribute to sustaining transmission.

2. Method

2.1. Data Source. We investigated the multispecies avian in-
fluenza prevalence data in countries that belong to EAAF (USSR,
Japan, Australia, and New Zealand) from Olsen et al. and De
Marco et al. [5, 15], retrieving the sample dataset from vent
(anus) swab or fresh droppings. We focused on four genera
(Anas, Cygnus, Larus, and Sterna), which have been intensively
surveyed for influenza in the EAAF regions and are ecologically
important for virus circulation. As mallard (Anas platyrhynchos)
has been considered as the reservoir species [5, 14], we classified
the waterfowl into three distinct groups: mallard, ducks (Anas
species except for mallard), and other species (Cygnus, Larus,
and Sterna). Samples from selected countries were assumed to
represent one of the three discrete geographic regions: high-
latitude area (>50° N), mid-latitude area (<50° N), and Oceania
(Australia and New Zealand). (e number of positive/negative
samples was counted for each group and area.

2.2.Model. Let ikg(t) be the prevalence in species k in site g.
(e multisite multispecies SIS model is described by a set of
ordinary differential equations (ODE):

d

dt
ikg(t) � 1− ikg(t)  

l

βkl,gilg(t)− ck + μk( ikg(t)

+ 
h

mk,ghikhNkh

Nkg

,

(1)

where βkl,g is interspecies transmission rate from species l to k

andmk,gh ismigration rate from site h tog (mk,gg � −hmk,hg).
Nkg is the population size of species k at site g. ck and μk are
recovery and mortality (birth) rate, respectively, of species k.

In the present study, we consider 3 species and 3 lo-
cations (schematic diagram shown in Figure 1). Assuming
that direct migration between locations 1 and 3 (i.e., between
high-latitude and Oceania area) is negligible and that
population distribution is at the equilibrium, we get

mk,13 � mk,31 � 0,

mk,ghNkh � mk,hgNkg.
(2)

Equilibrium is determined by the matrix form equation

diag 1− iEq 

B1 O O

O B2 O

O O B3

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠iEq − diag(c + μ)iEq

+ diag(N)
−1

−M12 M12 O

M12 −M12 −M23 M23

O M23 M23

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠iEq � 0.

(3)

To let the equations be solvable, M12 and M23 were as-
sumed to be proportional. We parameterized the species-

specific migration rate as M0 �

m1 0 0
0 m2 0
0 0 m3

⎛⎜⎝ ⎞⎟⎠ and

expressed the migration rates by employing a logistic function
logis(r) � (1 + exp(−r))−1, that is, M12 � logis(−r)M0 and
M23 � logis(r)M0.

We assumed that the transmission matrix in each site is
characterized by the site-specific coefficient βg and New-
man’s assortativity parameter θ:

Bg � βg

c21n1g(1− θ) + θc21 c1c2n1g(0) c1c3n1g(1− θ)

c1c2n2g(1− θ) c22n2g(1− θ) + θc22 c2c3n2g(1− θ)

c1c3n3g(1− θ) c2c3n3g(1− θ) c23n3g(1− θ) + θc23

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠, (g � 1, 2, 3), (4)

where nkg � Nkg/kNkg.
(e basic reproduction number was derived as the

largest eigenvalue of the next generation matrix

N.G.M. � BΣ−1, (5)

where

B �

B1 O O

O B2 O

O O B3

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠,

Σ � diag(c + μ)−

−M12 M12 O

M12 −M12 −M23 M23

O M23 −M23

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠.

(6)
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To quantify the role of each species in local transmission,
we extracted the local components of the next generation
matrix where migration term is removed:

Rg � Bg(diag(c + μ))
−1

, (7)

and defined the species-specific local reproduction number
as the largest eigenvalue of Rg(K), the submatrix of Rg

corresponding to a set of species K. (e (overall) local re-
production number is the largest eigenvalue of Rg, corre-
sponding to K � Mallard, Ducks, Others{ }.

2.3. Parameter Settings and Posterior Sampling. (e recovery
rate c was borrowed from the literature (1/11.09 (day−1);
a reciprocal of the infectious period for low pathogenic avian
influenza. (e average of estimates for adult and young birds
was used) [16], and was assumed to be identical regardless of
species and location. Mortality rate μ was considered as
negligible compared with c, as the life expectancy of waterfowl
species studied ranged from a few years to decades. Mallard
accounted for approximately 20% of the breeding population
of ducks in the USA [17], and thus we assumed that the relative
population sizes of mallard, ducks, and others are 1:4:5. Es-
timates of regional population distribution and migration rate
were scarcely available; we adopted a rough assumption that
the relative population distribution is 1:1:1 in the three areas,
and that the average migration rate over the three species
groups is 50% of the maximum mobility (i.e., the situation
where all waterfowl fly around the three areas annually). (e
sensitivity of the results was tested against the variation in
these assumptions.

Employing the non-informative prior, the posterior
distribution for each parameter was sampled by solving (3),

where prevalence iEq was drawn from the beta distribution.
Equation was solved by minimizing the squared relative
error (SRE):

SRE � 
j

Ej

ij
 

2

, (8)

where ij and Ej are the jth components of iEq and the left-
hand side of (3), respectively. Samples were discarded if their
SRE exceeded 0.02 (which corresponds to approximately 5%
error for each component on average), as the majority of such
samples yielded unrealistic parameter values (e.g., extremely
small transmission rate).

3. Results

In the high-latitude region, prevalence of mallard, ducks,
and others were 4/61, 38/1595, and 8/140. Similarly, the
prevalence in mid-latitude were 35/516, 89/3319, and
91/4461, while those in Oceania were 8/383, 15/348, and
1/419, respectively. Parameters were estimated by posterior
sampling, and the next generation matrix was derived from
the samples (Tables 1 and 2).(e basic reproduction number
was estimated at 1.1 (95% credible intervals (CrI): 1.0–1.2),
significantly above the value of 1 reflecting the sustained
transmission of the virus in the population. High- and mid-
latitude areas were found to be the most frequent sites of
transmission, and mallard had the highest transmissibility.
Migration rate of “Others” which includes swans, gulls, and
terns were more than 10 times higher than those of mallard
and ducks, reflecting the exceedingly long-distance migra-
tion routes taken by those species [18–20]. (e species-
specific local reproduction numbers displayed in Figure 2

Species A Species B Species C

Site 1 
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Site 3

Infection
Recovery Migration
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m32A m23A m32A m23A m32B m23B m32B m23B m32C m23C m32C m23C
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λ2A(t) 

λ3A(t) 

λ1B(t) 

λ2B(t) 

λ3B(t) 

λ1C(t) 
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Figure 1: A schematic diagram of the multisite multispecies compartment model. Susceptible-Infectious-Susceptible (SIS) model was used,
and population of each species at each site was classified as either susceptible or infectious; for example, S1A (I1A) represents the susceptible
(infectious) compartment of species A at site 1. Variables beside the arrows show the rate of transition from one compartment to another
(different notations from the main text may be used for generality). Pink-shaded areas indicate the mixing of hosts, reflecting our as-
sumption that mixing can be cross-species but not cross-site. (e force of infection λ(t) is thus dependent on all the infectious com-
partments at the same site.
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indicated that high-latitude and mid-latitude areas play
a critical role in sustaining transmission, and that mallard is
the major driver of the endemic. On the other hand, the
overall (or any other species-specific) local reproduction
number in Oceania areas was below 1, suggesting that the
prevalence of avian influenza in this area is dependent on the
inflow of infectious birds from the other areas.

We conducted a sensitivity analysis by varying assor-
tativity, migration rate, and population distribution, which
we set based on a rough assumption without being backed
up by empirical data (Figure 3). Given that our baseline
values being assortativity at 0.8, migration rate at 50%
(i.e., the total sum of migration flow rates between locations
is 50% of the total population per year), and population
distributed 1:1:1 in three areas, we varied each of these and
compared the estimated local reproduction number. Overall,
the changes in these assumptions did not qualitatively
change the outcome, while in some settings we observed
slight variations. High assortativity led to the elevation of the

estimated local reproduction number in the Oceania area.
(e reproduction number in Oceania also seemed affected
by the population size in the high-latitude area. However,
those changes were subtle and qualitatively negligible.

4. Discussion

(e present study applied the multisite, multispecies SIS
model to the field sample data of influenza virus from
migratory waterfowl. Parameter estimates suggested that the
northern hemisphere is the hotspot of avian influenza
transmission, and that mallard play the most significant role
in the circulation of the virus. (e migration rate of the
species other than ducks (i.e., Cygnus, Larus, and Sterna)
were far greater than that of ducks reflecting the long mi-
gration distance of those species (from several thousands to
tens of thousands kilometers) [18–20].

Migration of waterfowl has been considered as an im-
portant factor for characterizing the global distribution of

Table 1: Parameter estimates of the multisites multispecies transmission model.

Parameter Notation Estimate (95% CrI)

Regional coefficient
β1 (high-latitude) 1.082 (0.946, 1.394)
β2 (mid-latitude) 1.102 (0.963, 1.394)
β3 (Oceania) 0.823 (0.201, 1.036)

Contact rate
c1 (mallard) 0.331 (0.296, 0.338)
c2 (ducks) 0.266 (0.223, 0.294)
c3 (others) 0.219 (0.040, 0.262)

Species-specific migration rate
m1 (mallard) 0.00281 (0.00052, 0.01127)
m2 (ducks) 0.00356 (0.00066, 0.01414)
m3 (others) 0.02648 (0.00759, 0.03170)

Logarithm of the ratio of migration between areas r −2.578 (−4.987, 1.088)

Table 2: (e next generation matrix and the local reproduction number (Rg) in each geographical area.

High-latitude Mid-latitude Oceania
Mallard Ducks Others Mallard Ducks Others Mallard Ducks Others

Mallard 0.9877 0.0206 0.0153 0.9852 0.0206 0.0151 0.8076 0.0160 0.0122
Ducks 0.0759 0.7290 0.0492 0.0770 0.7299 0.0484 0.0631 0.5660 0.0389
Others 0.0810 0.0686 0.4657 0.0806 0.0692 0.4542 0.0618 0.0502 0.3615
Rg 1.090 1.104 0.836
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Figure 2: (e species-specific local reproduction numbers of avian influenza estimated from prevalence data. (a) High-latitude area, (b)
mid-latitude area, and (c) Oceania. (e dots represent median and whiskers the 95% credible intervals. MD, MO, and DO refer to the pairs
of species, {Mallard, Ducks}, {Mallard, Others}, and {Ducks, Others}, respectively. Gray dotted line denotes the threshold of 1.
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avian influenza. (e estimated local reproduction numbers
suggested that migratory waterfowl carry influenza virus
along EAAF and cause continuous transmission in the
Southern Hemisphere, where the reproduction of avian
influenza is not locally sustainable. (e local reproduction
number in the Oceania area was 0.8, indicating that the virus
transmission cannot be sustained only by the local trans-
mission, and that the circulation of the virus is likely to be
dependent on the incoming infected waterfowl.

It is believed that avian influenza is frequently trans-
mitted among migratory waterfowl in the arctic breeding
sites and in the slightly southern area where they concentrate
before the long-distance migration [7, 21]. Our findings also
confirmed the importance of northern part of the flyways in
the avian influenza transmission, with the local reproduction
number above 1 for the two regions in the Northern
Hemisphere.(e role of the pan-Arctic region is all the more
emphasized by the possibility that avian influenza virus
might survive the winter period in water and ice and be
transmitted via the contaminated water in the next year [22].
Although this possible overwintering transmission via water
source was not captured by ourmodel, it might even increase
the potential of sustained transmission of avian influenza in
the Arctic region as the persistence of the virus can be almost
year-long at lower temperature [23, 24].

Although migratory birds play critical roles in carrying
avian influenza viruses from one region to another, it is
unlikely that disease control interventions can effectively
target wild bird population. Rather, the effort may be put on
monitoring the virus prevalence and emergence, and then on
interventions focusing on the surface of potential spillover
(e.g., poultry market) once the risk becomes apparent. We
believe that our study highlighted the importance of con-
tinuous surveillance of migratory birds, at least in the
Northern Hemisphere regions. Besides, as it was indicated
that the virus prevalence in Oceania regions is dependent on
the migration from the north, surveillance for avian

influenza in Oceania countries could be intensified in re-
sponse to the results in the northern EAAF countries, where
a novel strain emerged is likely to be amplified in the wild
bird population before it is brought in via migration. When
more abundant data are accumulated through high-quality
surveillance and further advances are made in studies on
eco-evolutionary dynamics of avian influenza viruses, we
might even be able to develop a predictive model for the
geospatial spread of mutant strains; our model and its
implications would provide insightful clues to the basic
concepts and strategies for such attempts in the future.

Our study holds multiple limitations. First, we did not
have an access to the temporal data of influenza prevalence
and migration patterns of the waterbirds. Currently, col-
lecting biological samples from birds is the only feasible
method for estimating disease prevalence in wild birds, and
new insights into the incidence estimation are called for. (e
available datasets were not sufficient for temporal analysis,
and thus we limited our analysis to the equilibrium state, as
have been the case for most of the previous wildlife models.
As migratory birds are in different locations depending on
the season, seasonal variation in prevalence reported in the
previous study [5] might be driven by immunological,
seasonal, or geographical factors. Such complex temporal
dynamics was neglected in the present study and remains for
the future work. Second, geographical distribution and
migration patterns of waterfowl were radically simplified.
Migration patterns of wild birds have been a keen focus of
scientists, and the technology has advanced to track the
route of migratory birds, and many species have been under
observation [25–27]. However, the whole picture of mi-
gratory birds is yet to be thoroughly understood. Recent
studies utilize Global Positioning System to directly track the
migration routes of wild birds, but such attempts are con-
fronted by the limited power source the birds can carry [28].
(e cost of the device is another obstacle that limits the
sample size. Instead of accounting for the detailed
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Figure 3: Sensitivity analysis against assortativity, average migration rate, and population distribution. (e local reproduction numbers in
each geographical area are compared. (a)(e local reproduction numbers for different assortativity: 0.7 (low), 0.8 (baseline), and 0.9 (high);
(b) average migration rate: 25% (low), 50% (baseline), and 100% (high) of the maximum mobility (i.e., all birds migrate around the three
areas annually); (c) population distribution: high-latitude:mid-latitude:Oceania� 1:1:1, 2:1:1, 1:2:1, and 1:1:2.
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geographical properties of migration behavior, we simplified
the migration patterns of waterfowl into a multisite ODE
model in the present study.(ird, strong assumptions on the
model structure were made to reduce the number of pa-
rameters. We believe that our model was not unreasonably
structured, but it should be noted that our results may only
reflect overall characteristics and the possible interaction
between variables (e.g., regional variance in the interspecies
mixing rate) could have been smoothed out.

While our exercise suffers from these limitations, we
believe that our simple multisite, multispecies transmission
model successfully captured the global patterns of avian
influenza prevalence, reflecting the effect of migration along
the flyway. As the reproduction of the virus was suggested to
be sustainable only in the Northern Hemisphere, efforts to
clarify its natural history along with the host behavior in
these regions would be of greater importance to understand
the disease dynamics and to better prepare for the possible
spillover of highly pathogenic avian influenza.

Disclosure

A part of the present study was presented in Epidemics6,
Sixth International Conference on Infectious Disease Dy-
namics in Sitges, Spain, November-December 2017. (e
funders had no role in study design, data collection and
analysis, preparation of the manuscript, or decision to
publish.

Conflicts of Interest

(e authors declare that they have no conflicts of interest.

Acknowledgments

Akira Endo received financial support from (e Nakajima
Foundation. Hiroshi Nishiura was financially supported by the
Japan Society for the Promotion of Science (Grant nos.
17H05808, 16KT0130, 17H04701, 16H06429, and 16K21723),
(e Telecommunication Advancement Foundation, Japan
Agency for Medical Research and Development, the Japan
Science and Technology Agency (JST) CREST program
(JPMJCR1413), and RISTEX program for Science of Science,
Technology and Innovation Policy.

References

[1] R. G.Webster, W. J. Bean, O. T. Gorman, T. M. Chambers, and
Y. Kawaoka, “Evolution and ecology of influenza A viruses,”
Microbiological Reviews, vol. 56, no. 1, pp. 152–179, 1992.

[2] J. delHoyo, A. Elliott, and J. Sargatal,Handbook of the Birds of the
World. Ostrich to Ducks, Lynx Edicions, Barcalona, Spain, 1992.

[3] J. delHoyo, A. Elliott, and J. Sargatal,Handbook of the Birds of the
World. Hoatzin to Auks, Lynx Edicions, Barcalona, Spain, 1996.

[4] (e Global Consortium for H5N8 and Related Influenza
Viruses, “Role for migratory wild birds in the global spread of
avian influenza H5N8,” Science, vol. 354, pp. 213–217, 2016.

[5] B. Olsen, V. J. Munster, A. Wallensten, J. Waldenström,
A. D. M. E. Osterhaus, and R. A. M. Fouchier, “Global
patterns of influenza A virus in wild birds,” Science, vol. 312,
no. 5772, pp. 384–388, 2006.

[6] D. A. Halvorson, C. J. Kelleher, and D. A. Senne, “Epizootiology
of avian influenza: Effect of season on incidence in sentinel ducks
and domestic turkeys inMinnesota,”Applied and Environmental
Microbiology, vol. 49, no. 4, pp. 914–919, 1985.

[7] D. E. Stallknecht and S. M. Shane, “Host range of avian in-
fluenza virus in free-living birds,” Veterinary Research
Communications, vol. 12, no. 2-3, pp. 125–141, 1988.

[8] G. S. Freidl, A. Meijer, E. de Bruin et al., “Influenza at the
animal-human interface: a review of the literature for viro-
logical evidence of human infection with swine or avian
influenza viruses other than A (H5N1),” Eurosurveillance,
vol. 19, no. 18, 2014.

[9] S. U. Khan, B. D. Anderson, G. L. Heil, S. Liang, and G. C. Gray,
“A systematic review andmeta-analysis of the seroprevalence of
influenza A (H9N2) virus infection among humans,” Journal of
Infectious Diseases, vol. 212, no. 4, pp. 562–569, 2015.

[10] WHO, Cumulative Number of Confirmed Human Cases for Avian
Influenza A (H5N1) Reported to WHO, 2003-2015, Epidemic
Pandemic Alert Response World Health Organization, 2016,
http://www.who.int/influenza/human_animal_interface/EN_
GIP_20160404cumulativenumberH5N1cases.pdf?ua�1.

[11] A. S. Beare and R. G. Webster, “Replication of avian influenza
viruses in humans,” Archives of Virology, vol. 119, no. 1-2,
pp. 37–42, 1991.

[12] C. A. Russell, J. M. Fonville, A. E. X. Brown et al., “(e potential
for respiratory droplet-transmissible A/H5N1 influenza virus
to evolve in a mammalian host,” Science, vol. 336, no. 6088,
pp. 1541–1547, 2012.

[13] C. Li, M. Hatta, C. A. Nidom et al., “Reassortment between
avian H5N1 and human H3N2 influenza viruses creates hybrid
viruses with substantial virulence,” Proceedings of the National
Academy of Sciences, vol. 107, no. 10, pp. 4687–4692, 2010.

[14] H. Nishiura, B. Hoye, M. Klaassen, S. Bauer, andH. Heesterbeek,
“How to find natural reservoir hosts from endemic prevalence in
a multi-host population: a case study of influenza in waterfowl,”
Epidemics, vol. 1, no. 2, pp. 118–128, 2009.

[15] M. A. De Marco, M. Delogu, M. Sivay et al., “Virological
evaluation of avian influenza virus persistence in natural and
anthropic ecosystems of Western Siberia (Novosibirsk Region,
summer 2012),” PLoS One, vol. 9, no. 6, article e100859, 2014.

[16] V. Hénaux, M. D. Samuel, and C. M. Bunck, “Model-based
evaluation of highly and low pathogenic avian influenza
dynamics in wild birds,” PLoS One, vol. 5, no. 6, article
e10997, 2010.

[17] Y. N. Zhuravlev and I. V. Kulikova, “Waterfowl population
structure: phylogeographic inference,” Achievements in the
Life Sciences, vol. 8, no. 2, pp. 123–127, 2014.

[18] C. Egevang, I. J. Stenhouse, R. A. Phillips, A. Petersen, J.W. Fox,
and J. R. D. Silk, “Tracking of Arctic terns Sterna paradisaea
reveals longest animal migration,” Proceedings of the National
Academy of Sciences, vol. 107, no. 5, pp. 2078–2081, 2010.

[19] W. Chen, T. Doko, G. Fujita et al., “Migration of tundra swans
(Cygnus columbianus) wintering in Japan using satellite tracking:
identification of the Eastern Palearctic flyway,”Zoological Science,
vol. 33, no. 1, pp. 63–72, 2016.

[20] J. O. Bustnes, B. Moe, M. Helberg, and R. A. Phillips, “Rapid
long-distance migration in Norwegian lesser black-backed gulls
larus fuscus fuscus along their eastern flyway,” Ibis, vol. 155,
no. 2, pp. 402–406, 2013.

[21] M. Gilbert, X. Xiao, J. Domenech, J. Lubroth, V. Martin, and
J. Slingenbergh, “Anatidae migration in the Western Pale-
arctic and spread of highly pathogenic avian influenza H5N1
virus,” Emerging Infectious Diseases, vol. 12, no. 11, pp. 1650–
1656, 2006.

6 Canadian Journal of Infectious Diseases and Medical Microbiology

http://www.who.int/influenza/human_animal_interface/EN_GIP_20160404cumulativenumberH5N1cases.pdf?ua=1
http://www.who.int/influenza/human_animal_interface/EN_GIP_20160404cumulativenumberH5N1cases.pdf?ua=1


[22] T. Ito, K. Okazaki, Y. Kawaoka, A. Takada, R. G. Webster, and
H. Kida, “Perpetuation of influenza A viruses in Alaskan
waterfowl reservoirs,” Archives of Virology, vol. 140, no. 7,
pp. 1163–1172, 1995.

[23] D. E. Stallknecht, S. M. Shane, M. T. Kearney, and P. J. Zwank,
“Persistence of avian influenza viruses in water,” Avian Diseases,
vol. 34, no. 2, pp. 406–411, 2015.

[24] J. D. Brown, D. E. Swayne, R. J. Cooper, R. E. Burns, and
D. E. Stallknecht, “Persistence of H5 and H7 avian influenza
viruses inwater,”AvianDiseases, vol. 51, no.1, pp. 285–289, 2007.

[25] V. H. Paiva, T. Guilford, J. Meade, P. Geraldes, J. A. Ramos, and
S. Garthe, “Flight dynamics of Cory’s shearwater foraging in
a coastal environment,”Zoology, vol. 113, no.1, pp. 47–56, 2010.

[26] J. Kotzerka, S. Garthe, and S. A. Hatch, “GPS tracking devices
reveal foraging strategies of Black-legged Kittiwakes,” Journal
of Ornithology, vol. 151, no. 2, pp. 459–467, 2010.

[27] P. Cui, Y. Hou, M. Tang et al., “Movement patterns of Bar-
headed Geese Anser indicus during breeding and post-breeding
periods at Qinghai Lake, China,” Journal of Ornithology, vol. 152,
no. 1, pp. 83–92, 2011.

[28] E. S. Bridge, K. (orup, M. S. Bowlin et al., “Technology on the
move: recent and forthcoming innovations for tracking migra-
tory birds,” BioScience, vol. 61, no. 9, pp. 689–698, 2011.

Canadian Journal of Infectious Diseases and Medical Microbiology 7



Review Article
HumanGenomic Loci Important in Common Infectious Diseases:
Role of High-Throughput Sequencing and Genome-Wide
Association Studies

Gerald Mboowa ,1,2 Ivan Sserwadda,1 Marion Amujal,2 and Norah Namatovu2

1Department of Immunology and Molecular Biology, College of Health Sciences, Makerere University, P.O. Box 7072,
Kampala, Uganda
2Department of Medical Microbiology, College of Health Sciences, Makerere University, P.O. Box 7072, Kampala, Uganda

Correspondence should be addressed to Gerald Mboowa; gmboowa@gmail.com

Received 9 September 2017; Accepted 7 March 2018; Published 20 March 2018

Academic Editor: José Ramón Blanco
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HIV/AIDS, tuberculosis (TB), and malaria are 3 major global public health threats that undermine development in many
resource-poor settings. Recently, the notion that positive selection during epidemics or longer periods of exposure to common
infectious diseases may have had a major effect in modifying the constitution of the human genome is being interrogated at a large
scale in many populations around the world.*is positive selection from infectious diseases increases power to detect associations
in genome-wide association studies (GWASs). High-throughput sequencing (HTS) has transformed both the management of
infectious diseases and continues to enable large-scale functional characterization of host resistance/susceptibility alleles and loci;
a paradigm shift from single candidate gene studies. Application of genome sequencing technologies and genomics has enabled us
to interrogate the host-pathogen interface for improving human health. Human populations are constantly locked in evolutionary
arms races with pathogens; therefore, identification of common infectious disease-associated genomic variants/markers is
important in therapeutic, vaccine development, and screening susceptible individuals in a population. *is review describes
a range of host-pathogen genomic loci that have been associated with disease susceptibility and resistant patterns in the era of
HTS. We further highlight potential opportunities for these genetic markers.

1. Introduction

HIV/AIDS, tuberculosis, and malaria are 3 major global
public health threats causing substantial morbidity, mor-
tality, negative socioeconomic impact, and human suffering
[1]. Whole-genome sequencing (WGS) of hosts and their
cognate pathogens has transformed our understanding of
the contribution of genomics in infectious disease processes.
As the antibiotic era changed our understanding of in-
fections so has the genomic revolution. *e host-pathogen
coevolutionary “arms race” is a phenomenon that has been
described to result from interaction within host innate,
adaptive immune responses, exposure to antibiotics, and
competition with commensal microbiota [2, 3]. When
positive selection in one geographical region causes large

allele frequency differences between populations than those
expected for neutrally evolving alleles, high frequency of the
derived allele (i.e., when a new allele increases to a frequency
higher than that expected under genetic drift) [4] and HTS
technologies are harnessed and used to decipher the nature
and dynamics of these signals.*e dynamics of host-pathogen
interactions (e.g., length of exposure, geographical spread,
morbidity, mortality, and cooccurring environmental events)
influence the genetic architecture of resistance variants in
modern populations [4].*e application of genomic sequence-
based approaches to understand the host-pathogen interface
continues to provide us with important clues for our survival.
Human genetic variation is a major determinant of genetic
susceptibility tomany common infectious diseases [5].Malaria,
HIV/AIDS, and tuberculosis are some of the common
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infectious diseases in which a range of genetic susceptibilities
and resistant conferring loci have been identified using both
traditional molecular-based approaches and HTS technol-
ogies. HTS has enabled us to identify genomic signatures
from these interactions. *ese markers identified through
infectious disease genome-wide association studies (GWASs)
have considerable significances that can be exploited to un-
derstand host protective mechanisms against pathogens and
identify new molecular targets for diagnostic, prophylactic,
and therapeutic interventions (Table 1).

In the past, candidate gene studies have been used to
identify disease susceptibility genetic loci for many major
human infections. But with the advent of HTS approaches,
many new loci have been and continue to be identified in
diverse populations. A paradigm shift from candidate gene
studies to GWAS and HTS has ushered in a “big data”
genomic revolution era enabling us to redefine the genomic
architecture of host-pathogen disease susceptibility. Both
exome and whole-genome sequencing approaches are
proving more successful and affordable. Host genetics in-
fluence clinical course of infectious diseases as well as genetic
variation of the pathogens determining their survival in
presence of selective pressure from the host and environ-
ment (antimicrobials) and identify genetic markers of drug-
resistant pathogens and parasites. Furthermore, HTS has
given us unprecedented resolution of understanding the role
of host genetics to infectious diseases susceptibility. *is
genomic revolution has generated data informative for
understanding the frequency of many genetic traits, in-
cluding those that cause disease susceptibility in African
populations and populations of recent African descent [17].

Pathogens have always been a major cause of human
mortality, so they impose strong selective pressure on the
human genome [18, 19]. HTS applied to screening pop-
ulations of host immune-specific cells and their respective
pathogens can highlight the host-pathogen unique genetic
signatures important in host-pathogen coevolution, pro-
filing immunological history, pathogen-induced immuno-
dominance genetic patterns, predicting clinical outcomes of
common infections (such as HIV/AIDS disease progression
phenotypes like long-term nonprogressors and rapid pro-
gressors, as well as highly exposed persistently seronegative
group), rapid diagnosis plus screening outbreaks involving
Risk Group 4 highly infectious pathogens, and genetic
characterization of live-attenuated vaccine vectors (Figures 1(a)
and 1(b)).

GWASs demand recruitment of large well-phenotyped
clinical cohorts within appropriate study designs and set-
tings. However, they are very expensive, and therefore few
funding agencies are able to finance such studies yet they
may offer unique opportunities to unveil genetically im-
portant signals. Currently, there are a growing number of
communicable disease-specific research initiatives that are
specifically interested in looking at the stages of the in-
fections and GWAS of disease progression. A classic ex-
ample is the Collaborative African Genomics Network
(CAfGEN), a H3Africa-funded consortium probing host
genetic factors that are important to the progression of HIV
and HIV-TB infection in sub-Saharan African children
(https://www.h3africa.org/consortium/projects/16-
projects/89-cafgen). CAfGEN is specifically looking at both
rapid and long-term HIV/AIDS progression status while

Table 1: Host loci strongly associated with the three common infectious diseases.

Disease Population Variant Annotation Genome-wide
significance (P value) Association References

HIV-
1/AIDS

African
Americans rs2523608 HLA-B∗5703 5.6×10−10 Viral load set point [6]

European
ancestry rs2395029 HCP5/B∗5701 9.7×10−26 Long-term nonprogression and

viral load set point [7–9]

European
ancestry rs9264942 HLA-C 2.8×10−35 Long-term nonprogression and

viral load set point [7]

European
ancestry rs4418214 MICA 1.4×10−34 Long-term nonprogression

[7]
European
ancestry rs3131018 PSORS1C3 4.2×10−16 Long-term nonprogression

African
American

rs2255221 Intergenic 3.5×10−14 Long-term nonprogression
rs2523590 HLA-B 1.7×10−13 Long-term nonprogression
rs9262632 Intergenic 1.0×10−8 Long-term nonprogression

European
ancestry

rs9261174 ZNRD1,
RNF39 1.8×10–8 Disease progression [8, 10]

rs11884476 PARD3B 3.4×10–9 Disease progression [11]
rs2234358 CXCR6 9.7×10–10 Long-term nonprogression [12]

Malaria

Ghanaian rs10900585 ATP2B4 6.1× 10−9 Protective [13]
Ghanaian rs2334880 MARVELD3 3.9×10−8 Protective [13]
Ghanaian rs8176719 ABO 2.9×10−13 Protective [13]
Gambian rs11036238 HBB 3.7×10–11 Susceptibility [14]
Gambian rs334 HBB 4×10−14 Protective [13, 14]

Tuberculosis
Moroccan rs17590261 AGMO 2×10−6 Age-at-onset of TB [15]

Ghanaian and
Gambian rs4331426 18q11.2 6.8×10−9 Susceptibility [16]
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utilizing a unique protocol that applies exome sequencing of
AIDS extreme clinical phenotypes. *e study designs and
the protocols being utilized are valuable resources for future
genomic research involving common infectious diseases. In
this review, we describe the impact of HTS and genomics in
understanding the human host-pathogen interaction.

2. Common Infectious Diseases

Infectious diseases account for 15 million deaths per year
worldwide, and disproportionately affect the young, elderly
people, and the poorest sections of society making them
a high priority [20]. *eWorld Health Organization in 2016
estimated the global mortality for tuberculosis, HIV/AIDS,
and malaria to be at 3.23 million with most deaths occurring
in sub-Saharan Africa. *is region has continued to lead in

both prevalence and incidence of these major infectious killer
diseases [21]. Research investment in infectious diseases was
poorly matched. Data show that funding does not correspond
closely with burden [22]. Review of findings to date suggests
that the genetic architecture of infectious disease susceptibility
may be importantly different from that of noninfectious
diseases [20]. Other authors have extensively reviewed the
genetic susceptibility to diseases [4, 5, 13, 16, 18–20, 23–49].
*e ancient biological “arms race” between microbial path-
ogens and humans has shaped genetic variation in modern
populations, and this has important implications for the
growing field of medical genomics [4]. As humans migrated
throughout the world, populations encountered distinct
pathogens, and natural selection increased the prevalence of
alleles that are advantageous in the new ecosystems in both
host and pathogens [4]. Temporal patterns supporting
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Figure 1: (a) Pipeline for interrogation of pathogen genomes using high-throughput sequencing and computational approaches. DNA
extraction for HTS can be done from either direct clinical specimen of individuals who are suspected to be infected with the disease or from
enriched/isolated cultures. Quality control and read preprocessing are critical steps in the analysis of datasets generated from high-
throughput sequencing technologies. FASTQC is an example of a tool for general quality assessment of HTS data from all technologies.
Genomes can be recreated with no prior knowledge using de novo sequence assembly as well as recreating the genome using prior
knowledge based on a reference genome—alignment/mapping.*e former is necessary for novel genomes and where the sequenced genome
differs from reference. Sequence data analysis is important in infectious disease outbreak investigations, molecular typing, antimicrobial
drug resistance, transmission, surveillance, and microbial evolution. (b) Pipeline for interrogation of host genomes using high-throughput
sequencing and computational approaches. For a given infectious disease in a population, an appropriate study design is determined and
host DNA is collected from cases (exposed to pathogen and infected) and controls (exposed to pathogen and uninfected). HTS of DNA from
both cases and control is performed. Quality control (QC) procedures vary in different pipelines. *ese include QC on individuals for
missingness, gender checks, duplicates and cryptic relatedness, population outliers, heterozygosity and inbreeding, QC on SNPs for
missingness, minor allele frequency, and Hardy–Weinberg equilibrium. Many of these are computationally intensive, operationally
challenging, and constantly evolving. Genome-wide association studies (GWASs) involving case-control studies compare the frequencies of
common genetic variants, assume an appropriate statistical model, and account for multiple testing correction threshold to identify
susceptibility and protective polymorphisms in the population.
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evidence of host-pathogen coevolution have been reported
[50]. Common infectious diseases have shown geographical
disparities, for example, Mycobacterium tuberculosis lineage 4
comprises globally distributed and geographically restricted
sublineages [51]. Molecular epidemiological studies show that,
with the exception of sub-Saharan Africa, almost all HIV-1
subtypes, circulating recombinant forms, and several unique
recombinant forms have been detected, but there is a specific
geographic distribution pattern for HIV-1 subtypes [52–54].
HIV diversity plays a central role in the HIV pandemic [55]
and has significant implications for diagnosis, vaccine devel-
opment, and clinical management of patients [56]. High levels
of Plasmodium falciparummalaria endemicity are common in
Africa [57]. Formal characterization of disease-causing agents
has always been fundamental to understanding the evolution
of pathogens and the epidemiology of infectious disease.
Linking this information with temporal, spatial, and clinical
data can bring understanding of evolution, geographical
spread, and disease associations for the pathogen, providing
vital information for identifying sources of infection as well as
designing interventions to prevent and treat disease [58].

3. High-Throughput Sequencing (HTS) and
Computational Tools

New sequencing technology has enabled the identification of
thousands of single nucleotide polymorphisms in the exome,
and many computational and statistical approaches to
identify disease association signals have emerged [59].
Foremost is a better understanding of disease pathogenesis
and resistance in the expectation that this will lead in time to
improved interventions such as better drugs or vaccines to
prevent or attenuate the great global burden of infectious
disease morbidity and mortality. With over 10 million
deaths annually from infectious diseases and the threat of
new epidemics and pandemics, this is a very high priority [20].
During the past decade, we have also witnessed the
emergence of many new pathogens not previously detected
in humans, such as the avian influenza virus, severe acute
respiratory syndrome (SARS), and Ebola [60]. Now that the
scientific community has access to complete genomes of
infectious diseases though application of HTS, priority
should be the dissection of host-pathogen interactions
through development of powerful computational tools.
HTS has profoundly altered our understanding of human
diversity and disease. *e interaction between hosts and
pathogens is a coevolution process which may simply be
described as “shooting a moving target.” HTS and com-
putational modelling tools will offer potential to un-
derstand this interaction leading to better vaccine designs
and therapeutic targets. Sanger DNA sequencing is limited
in throughput and high cost as compared to HTS platforms,
which differ in their details but typically follow a similar
general paradigm: template preparation, clonal amplifi-
cation, followed by cyclical rounds of massively parallel
sequencing [61]. Nanopore-based sequencing approaches
such as single molecule, real-time (SMRT) sequencing
technologies have been developed and consistently produce
some of the longest average read lengths compared to HTS.

SMRT sequencing is particularly useful for projects involving
de novo assembly of small bacterial and viral genomes as well
as large genome finishing [62]. Many important sequencing
platforms are reviewed in great depth [61, 63].

Computational tools are an important integral part of
genomics. New computational methods are constantly being
developed to collect, process, and extract useful biological
information from a variety of samples and complex datasets
[64]. *e scale and complexity of genomic data is ever-
expanding, requiring biologists to apply increasingly more
sophisticated computational tools in the generation, analyses,
interpretation, and storage of this data.*e data are generated
in different sizes, formats, and structures requiring a wide
range of tools tomanipulate. Despite the level of specialization
needed in bioinformatics, it is important that life-scientists
have a good understanding of it for a correct experimental
design which allows them to reveal the information in a
metagenome [64]. HTS technologies are generating an as-
tonishing amount of unprecedented information in the his-
tory of Biology which has spurred a Biomedical Big Data to
Knowledge (B2D2K) revolution. *us, a new exhilarating
rapidly evolving scientific field, Bioinformatics (Biologymeets
computer programming), has recently emerged and uses
novel computational approaches to help solve important
biological problems. Bioinformatics is a set of activities: data
acquisition, database development, data analysis, data in-
tegration, and analysis of integrated data. *e majority of
available bioinformatics software requires some knowledge of
the text-based command line of the UNIX or Linux operating
systems, allowing custom programming scripts and pipelines
to automate data manipulation and analysis in a single step
[65]. Although bioinformatics tools/software are both “open
sources” and commercially available, clinicians have limited
bioinformatics knowledge [66–69]. It is clear that user-friendly
bioinformatics pipelines are key to facilitating more wide-
spread use of WGS, with more widespread bioinformatics
expertise [65].

4. Signatures of Selection on the Genomes

Positive selection (also known as Darwinian selection) in
genes and genomes can point to the evolutionary basis for
differences among species and among races within a species
[70]. Many other aspects of human biology not necessarily
related to the “branding” of our species, for instance, host-
pathogen interactions, reproduction, dietary adaptation, and
physical appearance, have also been the substrate of varying
levels of positive selection. Comparative genetics/genomics
studies in recent years have uncovered a growing list of genes
that might have experienced positive selection during the
evolution of humans and/or primates [71]. Microbial ge-
nome evolution is shaped by a variety of selective pressures.
Understanding how these processes occur can help to ad-
dress important problems in microbiology by explaining
observed differences in phenotypes, including virulence and
resistance to antibiotics. Greater access to whole-genome
sequencing provides microbiologists with the opportunity to
perform large-scale analyses of selection in novel settings
such as within individual hosts [72].
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Identification of positive selection genetic signatures in
the genomes can help us to understand the kinetics and
directions of continuing host-pathogen coadaptation and
impact on their diagnosis, transmission, fitness, immuno-
genicity, and pathogenicity. Given the potential for strong
selective pressure, that genetic programs controlling host-
pathogen interactions in humans and other species are
littered with signatures of positive selection [73]. *e high
mortality and widespread impact of malaria has resulted in
this disease being the strongest evolutionary selective force
in recent human history, and the genes that confer resistance
to malaria provide some of the best-known case studies of
strong positive selection in modern humans [27]. A number
of specific genomic variants including β-globin locus, G6PD
deficiency, Duffy, ovalocytosis, ABO, and human leukocyte
antigen confer resistance to malaria in the human host.
Elevated frequencies of hemoglobinopathies such as thal-
assemia and sickle cell disease, which are caused by muta-
tions at the β-globin locus, are maintained via balancing
selection (“the malarial hypothesis”) [74–76]. *is hy-
pothesis suggests that some human diseases such as thal-
assemia are polymorphisms which provide heterozygote
advantage because of the trade-offs between the advantages
of resistance to malaria and negative effects due to the
disease [77], where the hemoglobin S (HbS) homozygote
disadvantage is recompensed through the malaria resistance
of the heterozygote (HbAS) in regions of malaria endemicity
[78, 79]. *e ∆32 mutation at the CCR5 locus is a well-
studied example of natural selection acting in humans. *e
mutation is found principally in Europe and western Asia,
with higher frequencies generally in the north. Homozygous

carriers of the ∆32 mutation are resistant to HIV-1 infection
because the mutation prevents functional expression of the
CCR5 chemokine receptor normally used by HIV-1 to enter
CD4+ T cells [80–87]. Host genetic factors play important
roles in susceptibility to tuberculosis infection, and different
gene polymorphisms in different ethnicity and genetic
backgrounds may lead to different effects on tuberculosis
risk [88]. Polymorphisms in natural resistance-associated
macrophage protein 1 (NRAMP1), toll-like receptor 2
(TLR2), interleukin-6 (IL-6), tumor necrosis factor-alpha
(TNF-α), interleukin-1 receptor antagonist (IL-1RA), IL-10,
vitamin D receptor (VDR), dendritic cell-specific ICAM-3-
grabbing nonintegrin (DC-SIGN), monocyte chemo-
attractant protein-1 (MCP-1), nucleotide oligomerization
binding domain 2 (NOD2), interferon-gamma (IFN-c),
inducible nitric oxide synthase (iNOS), mannose-binding
lectin (MBL), and surfactant proteins A (SP-As) genes have
been variably associated with tuberculosis infection, and
there is strong evidence indicating that host genetic factors
play critical roles in tuberculosis susceptibility, severity, and
development among different populations [89–91]. Several
NRAMP1 polymorphisms were significantly associated with
PTB in African and Asian populations, but not in pop-
ulations of European descent [92, 93].

5. Genome-Wide Association Studies in
Infectious Diseases

GWASs are based on the “common disease, common var-
iant” hypothesis, and they have been performed largely using
single nucleotide polymorphism (SNP) arrays that focus
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only on common genetic polymorphisms (for which the
minor allele frequency is >5%) [35, 94–96]. GWAS approach
has potential to provide candidates for the development of
control measures against infectious diseases in humans [13].
For over 50 years, candidate gene studies have been used to
identify loci for many major causes of human infectious
mortality, including malaria, tuberculosis, and HIV-1 [20].
*e first successful GWAS was published in 2005 ushering
genome-wide approaches that have identified loci in diverse
populations. Common genetic variants have also been dem-
onstrated to regulate susceptibility/resistance to infectious
diseases, for example, the CCR5∆32 polymorphism that
modulates HIV/AIDS disease progression [97]. Genome-wide
association study approaches are being increasingly utilized to
define genetic variants underlying susceptibility to major in-
fectious diseases [34]. Infectious diseases follow a series of
stages right from acquisition, disease development, rate of
progression, convalescence, and asymptomatic carrier state.
*erefore, every stage will be influenced by one or a set of
mutations in a population or individual. Different populations
will have mutations that affect diseases at different stages. *is
is where GWAS has and will continue to play an important
role in identifying these mutations. A recent study suggested
that host genetic risk in TB is depended upon the pathogen’s
genetic background and demonstrated the importance of
analyzing the interaction between host and pathogen genomes
in TB [98]. Studies are exploiting unique designs like extreme
phenotype designs to identify complex trait genomic loci,
while others have identified genetic associations of infectious
diseases by integrating estimation of population admixture
events to detect disease susceptibility loci after teasing out
different ancestries and allelic, genotypic, or haplotype risk
ratios.

A genomic database for all mutations identified to be
conferring resistance to infectious diseases in different pop-
ulations is a vital product of more than 10 years of GWAS.
More studies should be appropriately designed to identify new
potential infectious disease resistance-conferring mutations in
human hosts. We searched the PubMed database for studies
published since January 2005 using the terms “malaria,”
“tuberculosis,” “HIV/AIDS,” “genome-wide association.” Search
terms included combinations of ((disease-query[Title] AND
Genome-wide association[Title])) where a disease-query was
either a communicable or noncommunicable disease. Two
search restrictions were set: publication date set (from
2005/01/01) and species (humans). Figure 2 indicates more
GWASs carried out in noncommunicable diseases than
infectious diseases. *ere is an urgent need for a major
increase in funding for communicable disease control in
the developing world and for more balanced allocation of
the resources already provided [22].

6. Future Directions

Genomics and whole-genome sequencing have the capacity
to greatly enhance knowledge and understanding of in-
fectious diseases and clinical microbiology [65]. Human
genetics is an indispensable tool for enhancing the un-
derstanding of the molecular basis of many common

diseases [99]. Over 4,500 SNPs have been associated with
a variety of human traits and complex diseases [59]. We
envisage that with the reducing costs, HTS and genomics
will become an indispensable component of every health-
care system. HTS and computational tools offer a potential
to stratify populations for risk of infectious disease based on
genomic profiling thereby prioritizing interventions such as
vaccines and therapeutics to the “most-at-risk” populations
since there is no “one-size-fits-all” approach to treating
infectious diseases. With the growing number of sequencing
facilities on every continent, the future will offer a less costly
approach that will integrate a genomic profile in routine
patient management, improving management of diseases,
and therapeutic development.

It is less likely to find a population or individual who
carries mutations conferring resistance to an infectious
disease at every stage of the infection. Different individuals
have different mutations that offer resistance to different
stages of the infections. A genomic catalogue of these
mutations identified through HTS, computational tools, and
GWAS now combined with the rapidly growing genome-
editing technology known as CRISPR/Cas9 will enable
introduction of an array of disease-stage-specific resistance-
conferring mutations. *is will offer interventions at all
levels of the disease process unlike traditional vaccines.
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p2 of Rice stripe virus may promote virus systemic infection by interacting with the full length of fibrillarin from Nicotiana
benthamiana (NbFib2) in the nucleolus and cajal body (CB). NbFib2 contains three functional domains. We used yeast two-
hybrid, colocalization, and bimolecular fluorescence complementation (BiFC) assays to study the interactions between p2 and the
three domains of NbFib2, namely, the N-terminal fragment containing a glycine and arginine-rich (GAR) domain, the central
RNA-binding domain, and the C-terminal fragment containing an α-helical domain.+e results show that the N-terminal domain
is indispensable for NbFib2 to localize in the nucleolus and cajal body. p2 binds all three regions of NbFib2, and they target to the
nucleus but fail to the nucleolus and cajal bodies (CBs).

1. Introduction

Rice stripe virus (RSV), an economically significant pathogen
of rice, is the member of the genus Tenuivirus. It is trans-
mitted by the small brown planthopper (Laodelphax stria-
tellus) in a persistent, circulative-propagative manner,
affected by global warming [1, 2].Nicotiana benthamiana (N.
benthamiana) can be infected by RSV through mechanical
sap inoculation [3].

+e genome of RSV comprises four single-stranded
RNAs, denoted as RNA1, RNA2, RNA3, and RNA4 in the
decreasing order of their molecular weights [4]. Exception is
RNA1 that is negative sense and encodes only one protein
responsible for viral replication; all the other three RNA
segments employ an unusual ambisense coding strategy and
encode two proteins: one in the viral-sense RNA (vRNA)
and the other in the viral complementary-sense RNA
(vcRNA) [5, 6]. RNA2 encodes two nonstructural proteins
p2 and pc2; p2 is a viral RNA-silencing suppressor and is
involved in systemic viral movement by interacting with
fibrillarin [7, 8], and pc2 shares many characteristics common
to the glycoproteins [9, 10]. RNA3 encodes a nonstructural
protein p3, another suppressor of gene silencing [11], and

a structural protein pc3, which is a nucleocapsid protein
connected with resistance to RSV [12, 13]. +e nonstructural
disease-specific protein (SP) and the movement protein pc4
are encoded by RNA4 [14, 15].

Many different viruses bind to the nucleolus to ma-
nipulate host-cell functions and recruit nucleoprotein to aid
in virus infection. Fibrillarin, an important nucleolus pro-
tein, was reported to interact with viral proteins and regulate
virus replication, movement, and so on. Fibrillarin from
Nicotiana benthamiana (NbFib2) mediates assembly of
Umbravirus ribonucleoprotein particles (RNPs), which are
capable of long-distance movement and causing systemic
viral infection [16]. Protein 1 (NS1) in Influenza A H3N2
subtype virus binds to the fibrillarin via the C-terminal
nuclear localization signal 2 (NLS2) [17].+ere is also a close
relationship between fibrillarin and suppressors of gene
silencing. For example, fibrillarin interacted with viral
genome-linked protein (VPg) in Potato virus A (PVA) and
the 2b silencing suppressor protein in Cucumber mosaic
virus (CMV), respectively [18, 19]. In our previous works,
we found that p2 of RSV targeted to NbFib2 to promote
virus systemic movement [8]. NbFib2 is an evolution-
arily conserved protein, it is usually consisted of three
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domains, a glycine and arginine-rich domain (GAR), an
RNA-binding domain, and an α-helical domain [20], but
how p2 interacted with those motifs of NbFib2 is still
unknown.

In this study, the interactions between p2 and the three
domains of NbFib2 are identified using yeast two-hybrid,
colocalization, and BiFC methods. +e results reveal that p2
binds to the three domains of NbFib2 in the nucleus but fails
to target to the nucleolus and cajal bodies (CBs), and the
GAR domain is necessary for NbFib2 to localize in the
nucleolus and CBs.

2. Results and Discussion

2.1. p2 Interacts with2ree Domains of NbFib2 in Yeast Two-
Hybrid Assay. NbFib2 is composed of three functional
domains: N-terminal fragment, containing a glycine and
arginine-rich (GAR) domain (NbFib2-1), the central RNA-
binding domain (NbFib2-2), and C-terminal fragment,
containing an α-helical domain (NbFib2-3) (Figure 1). As
shown in Figure 2, yeast cells cotransformed with pGADT7
(pGAD)-p2 and pGBKT7 (pGBK)-NbFib2 grew and turned
blue on SD medium containing X-α-gal but lacking adenine
(Ade), histidine (His), leucine (Leu), and tryptophan (Trp)
(SD/Trp−Leu−His−Ade−/X-α-gal+), and the cotransform-
ants of pGAD-T/pGBK-53 and pGAD-T/pGBK-Lam were
individually used as positive control and negative control.
However, the cotransformants of pGBK/pGAD, pGBK-
NbFib2s/pGAD, pGBK/pGAD-NbFib2s, pGBK-p2/pGAD,
or pGBK/pGAD-p2 failed to grow on SD/Leu−Trp−His−,
although they grew well on SD/Trp−Leu− (Supplementary
Figure S1). +ese results indicated that p2 of RSV interacts
with the three domains of NbFib2 in yeast.

2.2. p2 Fails to Target to the Nucleus and Cajal Body in
Colocation Assays. Colocalization result shows that only
NbFib2-1 (GAR domain) can form bright spots in the
nucleolus and cajal body (CB) (Figure 3(a)). +e other two
domains of NbFib2 (NbFib2-2 and NbFib2-3) also lo-
calize in nucleus, but they cannot agglomerate into small

spots (Figures 3(b) and 3(c)). p2 can colocalize with
NbFib2-1, NbFib2-2, and NbFib2-3 in the nucleus but fail
to form into granules in the nucleus and CB or in the
cytoplasm (Figure 3).

2.3. p2 Binds 2ree Domains of NbFib2 in BiFC Assay. In
BiFC assay, p2 binds NbFib2-1, NbFib2-2, and NbFib2-3
individually, and they almost localize in the nucleus but not
in the nucleus and CB in the shape of spots (Figure 4).

In summary, we found that (i) GAR domain was es-
sential for NbFib2 to target to the nucleolus and CB, (ii) p2
interacted with the three functional regions of NbFib2,
and (iii) these interactions occurred in the nucleus but
failed to form bright spots targeting to the nucleolus and
CBs.

NbFib2 is divided into three functional domains in our
study; those domains localize in the nucleus, but only the
N-terminal (GAR) domain targets to the nucleolus and CB
as same as the full length of NbFib2. +e GAR domain
might be important for fibrillarin accumulation in the
nucleolus [21]. It was reported that the GAR region was
necessary and sufficient to target fibrillarin 1 from Arab-
idopsis and human cell to the nucleolus and CBs [22, 23].
Some findings demonstrate that the C-terminal region of
fibrillarin targets it to CBs [23, 24]. However, our coloc-
alization result shows that YFP of C-terminal region fails to
accumulate and forms multiple spots in CBs. +us, GAR

GAR region

NbFib2-2

NbFib2-3

NbFib2

1 aa

131 aa

130 aa

221 aa

222 aa 314 aa

RBS “α-rich region”

NbFib2-1

Figure 1: +ree functional domains of NbFib2. NbFib2-1:
N-terminal fragment from 1 aa to 130 aa, containing a GAR region
and a glycine- and arginine-rich domain. RBS means RNA binding
sites. NbFib2-2: the central RNA-binding domain from 131 aa to
221 aa. NbFib2-3: the C-terminal fragment from 222 aa to 314 aa,
containing an α-helical domain.

pGAD-p2 +
pGBK-NbFib2-1

pGAD-p2 +
pGBK

pGAD +
pGBK-NbFib2-3

pGAD-p2 +
pGBK-NbFib2-2

pGAD +
pGBK-NbFib2-1

pGAD-T +
pGBK-Lam

pGAD-p2 +
pGBK-NbFib2-3

pGAD +
pGBK-NbFib2-2

pGAD-T +
pGBK-53

Figure 2: Interactions between p2 and the three functional domains
of NbFib2 as examined by yeast two-hybrid assay. An X-α-gal
assay shows that p2 interacts with the three domains of NbFib2,
respectively. pGAD-T+ pGB-Lam is a negative control, and pGAD-
T+pGBK-53 is a positive control.
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domain is significant and indispensable for NbFib2 to
target to the nucleolus or CB.

In this study, p2 binds to the three functional regions of
NbFib2 in the nucleus but not in the nucleolus, CBs, or
cytoplasm. +ese results are consistent with our previous
studies, which show that p2 interacts with the full length of
NbFib2, and NbFib2 plays a role in both the nucleolar lo-
calization and the appropriate cytoplasmic distribution of p2
[8]. +e N-terminal fragment of fibrillarin, containing the
glycine- and arginine-rich (GAR) domain, is supposed to be
responsible for the interaction with various cellular and viral
proteins, such as survival motor neuron (SMN), nucleo-
capsid protein of porcine reproductive and respiratory syn-
drome virus (PRRSV), and ORF3 of groundnut rosette virus
(GRV) [25–27]. Our assays demonstrate that the GAR
domain of NbFib2 is the region interactive with p2. p2 is an
RNA-silencing suppressor (RRS); it may like other RRSs
(p19 and HC-Pro) inhibit the intermediate step of RNA

silencing via binding siRNA or the effector protein. Some
indicate that fibrillarin is involved in the process of gene
silencing induced by viruses, and fibrillarin interacts with
long viral RNAs, rRNA, or siRNA [18, 28]. Fibrillarin 2 from
Arabidopsis (AtFib2) has two RNA-binding regions, one
located in the central region and the other located in the
C-terminal region, while the GAR domain is incapable of
RNA binding [28]. Fibrillarin is a highly conserved protein,
and NbFib2 is highly homologous to AtFib2; thus, these two
same domains of NbFib2 are capable of RNA binding.
NbFib2-2 and NbFib2-3 may aid p2 to target to the siRNA or
in other ways play a role in RNA silencing in plants.

In short, the results of this study are consistent with the
previous study that the full length of NbFib2 is essential for
p2 to target to the nucleolus and CBs. In addition, p2 in-
teracts with the three functional regions of NbFib2, re-
spectively; the mechanisms of these interactions will be
studied in the future.

DAPI Bright field Merged

NbFib2-1-YFP p2-CFP

(a)

DAPI Bright field Merged

NbFib2-2-YFP p2-CFP

(b)

DAPI Bright field Merged

p2-CFPNbFib2-3-YFP

(c)

Figure 3: p2 colocalizes with the three functional domains of NbFib2 in the leaves of N. benthamiana. (a) p2-CFP was coexpressed with
NbFib2-1-YFP. (b) p2-CFP was coexpressed with NbFib2-2-YFP. (c) p2-CFP was coexpressed with NbFib2-3-YFP.+e nucleus was stained
with 4′,6-diamidino-2-phenylindole (DAPI). Possible nucleolus and cajal body described in the text are designated with red and blue arrows,
respectively. Fluorescence was observed at 48 h postinfiltration. Scale bars, 10 μm.
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3. Materials and Methods

3.1. Plant Growth Conditions. +e N. benthamiana plants
were grown and maintained in a greenhouse at 25°C.

3.2. Plasmid Construction. cDNAs encoding the three
domains of NbFib2 and RSV-p2 were amplified, re-
spectively, by PCR using primers in Table 1, designed from
N. benthamiana and RSV sequences (GenBank accession
nos.: AM269909 and EF493228) downloaded from the
GenBank. +e three domains of NbFib2 were first inserted
into the entry vector pDonr221 and then the destination
vectors pEarleyGate101 (YFP), pEarleyGate201-YN (YN),
and pEarleyGate201-YC (YC), using the Gateway re-
combination system [29]. pEarleyGate102-p2 (CFP-p2),
YN-p2, and YC-p2 constructs were obtained by the same
methods.

For yeast two-hybrid experiments, PCR products of
RSV-p2 and the three domains of NbFib2 were digested with
suitable restriction enzymes individually and then ligated to
the vector pGADT7or pGBKT7digestedwith the same enzymes.

+ese constructs were confirmed by capillary sequencing
conducted by Takara (Dalian, China).

3.3. Yeast Two-Hybrid Assay. pGBKT7-NbFib2s (three do-
mains of NbFib2) were introduced together with pGADT7-p2
into the yeast strain AH109 by cotransformation. +e cotrans-
formants grew on different SD mediums: medium lacking
tryptophan (Trp) and leucine (Leu) (SD/Trp−Leu−); medium
lacking histidine (His), Trp, and Leu (SD/Trp−Leu−His−); and
medium lacking adenine (Ade−), His, Trp, and Leu but
containing X-α-gal (SD/Trp−Leu−His−Ade−/X-α-gal+).
+e cotransformation of pGADT7-NbFib2s and pGBKT7-p2
was also done the same way.

YN-NbFib2-1/YC-p2

DAPI

Bright field

Merged

(a)

Merged

Bright field

DAPI

YN-NbFib2-2/YC-p2

(b)

Merged

Bright field

DAPI

YN-NbFib2-3/YC-p2

(c)

Figure 4: p2 interacts with the three functional domains of NbFib2 in BiFC assay. (a) YC-p2 was coexpressed with YN-NbFib2-1.
(b) YC-p2 was coexpressed with YN-NbFib2-2. and (c) YC-p2 was coexpressed with YN-NbFib2-3. +e nucleus was stained with
4,6-diaminophenylindole (DAPI). Fluorescence was observed at 48 h postinfiltration. Scale bars, 10 μm.
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3.4. Agrobacterium-Mediated Transient Expression. Agro-
bacterium tumefaciens (A. tumefaciens) strain EHA105 were
grown separately to OD600 � 0.8 at 28°C on the Luria–Bertani
liquid medium supplemented with 50 μg/μL of rifampicin
and 50μg/μL of kanamycin. +e resulting cultures were
centrifuged at 12,000g for 1min and then resuspended in in-
duction media (10mM MES, pH 5.6, 10mM MgCl2, and
150 μM acetosyringone). In colocalization and BiFC assays, A.
tumefaciens containing NbFib2s were separately mixed with
p2 in equal volumes. +e mixtures of the bacterial cultures
were incubated at room temperature for 3h and then infiltrated
onto fully-grown upper leaves. Six-week-old N. benthamiana
was used for the experiment.

3.5. Confocal Imaging Analysis. Subcellular localizations
of proteins were monitored at 48 h after infiltration under
a confocal microscope (Leica TCS SP5, Leica Microsystems
CMS GmbH). +e fluorophores in CFP and YFP were
excited at 458 and 514 nm, and images were taken using
BA480–495 and BA535–565 nm emission filters, respectively.
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Known to be rich in β-glucan, Sparassis latifolia (S. latifolia) is a valuable edible fungus cultivated in East Asia. A few studies
have suggested that S. latifolia is e6ective on antidiabetic, antihypertension, antitumor, and antiallergen medications. However,
it is still unclear genetically why the fungus has these medical e6ects, which has become a key bottleneck for its further
applications. To provide a better understanding of this fungus, we sequenced its whole genome, which has a total size of 48.13
megabases (Mb) and contains 12,471 predicted gene models. We then performed comparative and phylogenetic analyses,
which indicate that S. latifolia is closely related to a few species in the antrodia clade including Fomitopsis pinicola,Wol&poria
cocos, Postia placenta, and Antrodia sinuosa. Finally, we annotated the predicted genes. Interestingly, the S. latifolia genome
encodes most enzymes involved in carbohydrate and glycoconjugate metabolism and is also enriched in genes encoding
enzymes critical to secondary metabolite biosynthesis and involved in indole, terpene, and type I polyketide pathways. As
a conclusion, the genome content of S. latifolia sheds light on its genetic basis of the reported medicinal properties and could
also be used as a reference genome for comparative studies on fungi.

1. Introduction

Sparassis latifolia (S. latifolia), also called cauli?ower
mushroom, is a valuable brown-rot fungus belonging to
Sparassidaceae of Polyporales. S. latifolia usually grows on
trees like pine or larch and have a wide distribution across
the Northern Temperate Zone. .e mating system of S.
latifolia is bipolar [1], and the basidiocarps are composed of
numerous loosely arranged ?abella that are morphologically
large, broad, dissected, and slightly contorted [2].

Polysaccharides represent a major class of bioactive
compounds found in mushrooms. Beta-glucan was the
major bioactive component of S. latifolia, which composes
more than 40% its dry weight [3]. Previous studies suggest
that a 6-branched 1,3-beta-glucan forms the primary
structure of the puriGed beta-glucan from this mushroom.
.e puriGed beta-glucan exhibits various biological activi-
ties, such as immune stimulation and antitumor e6ects
[1, 3, 4]. Oral administration of S. latifolia also has anti-
hypertension [5], antiallergen [6], and antidiabetic e6ects

[7, 8]. Because of its potential in medical researches, factory
cultivation of S. latifolia had been achieved in Japan, South
Korea, and China. However, the long life-cycle and high
labor intensity are still the key bottlenecks for wide
cultivation.

In recent years, lots of fungal genomes were sequenced
because of their importance in industry, agriculture, and
medicine Gelds. Based on whole genomes sequencing, en-
zymes engaged in carbohydrate metabolism and key en-
zymes for secondary metabolite biosynthesis were analyzed
in Ganoderma lucidum and Lignosus rhinocerotis [9–11]. In
addition, Martinez et al. analyzed the lignocelluloses con-
version mechanism of a brown-rot fungus Postia placenta
using the genome, transcriptome, and secretome data [12].
.ey also compared it with Phanerochaete chrysosporium,
a white-rot fungi, and identiGed that the function of lignin
for eLcient depolymerization was lost during the evolu-
tionary shift from white-rot fungi to brown-rot ones. .e
genomes of a few other edible or medical mushrooms were
also sequenced, for example, Volvariella volvacea [13],
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Agaricus bisporus [14], Flammulina velutipes [15], Antrodia
cinnamomea [16], and Wol&poria cocos [17].

In this study, we sequenced the whole genome of
S. latifolia, strain “Minxiu NO.1.” To identify S. latifolia-
speciGc traits, we compared its genome with other white-rot
and brown-rot fungi [17]. We then performed gene function
analysis and annotated genes possibly associated with lig-
nocelluloses decomposition and mushroom formation. In
addition, we studied the capacities of S. latifolia in producing
secondary metabolites and the genes related to the bio-
synthesis of polysaccharides. To our best knowledge, this is
the Grst comprehensive description and analyses on the
whole genome of S. latifolia, a mushroom of important
economical and medical values in Asia.

2. Results and Discussions

2.1. Genomic Features of S. latifolia. .e S. latifolia genome
was sequenced using Illumina HiSeq 2500 sequencing tech-
nologies. A total of 24,119Mb clean genome-sequencing data
(with 601X coverage) was obtained, from which 48.13Mb
draft genome was assembled (see Table 1 and Figure S1). .e
daft genome consists of 472 sca6olds with N50 of 640833 bp
and has 51.43% G+C content. .e S. latifolia genome is of
a similar size with several other species in the order Poly-
porales including Trametes versicolor (44.79Mb), Wol&poria
cocos (50.48Mb) [17], Phanerochaete carnosa (46.29Mb) [18],
and Polyporus brumalis (45.72Mb) (http://genome.jgi.doe.
gov/Polbr1/Polbr1.info.html), but larger than the sizes of
Ganoderma sp. (39.52Mb) [19], Lignosus rhinocerotis
(34.3Mb) [11], Fibroporia radiculosa (28.38Mb) [20], and
Phanerochaete chrysosporium (35.15Mb) [21].

We annotated the assembled genomic sequence and
obtained 12,471 gene models, among which 96.19% are
conGrmed by RNA-seq data. Nearly 89.3% (11,147) gene
models have putative biological functions, and the remaining
1324 have no apparent homology to known sequences, which
are presumed to be S. latifolia-speciGc genes. Up to 11,106,
6821, 7012, and 11,026 genes have homologs with known
proteins deposited in the databases NCBI nr, Pfam, SwissProt,
and TrEMBL, respectively. .e genome also contains 72
miRNAs (69 families), 21 rRNAs (2 families), and 115 tRNAs
(47 families). Among the 115 tRNAs, eight are presumably to
be possible pseudogenes, 105 are anticodon tRNAs, and the
remaining 2 have undetermined anticodons.

In addition, we mapped the predicted genes to 3 an-
notation databases including Eukaryotic Clusters of
Orthologs (KOG) (Figure 1), Gene Ontology (GO) (Figure
2), and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) (Figure 3). According to phylogenetic classiGcation
by KOGnitor, around 45.63% (5691) proteins could be
assigned to KOG (Table 1). As shown in Table 1, the most
enriched R category is “general functional prediction only,”
which contains 917 genes. Other enriched categories include
“posttranslational modiGcation, protein turnover, chaper-
ones” and so on. .e GO analysis assigned 3197 (25.64%)
proteins into di6erent GO terms, and four categories of GO
with the highest number are “catalytic activity,” “binding,”
“metabolic process,” and “cellular process.” Similarly, 3445

(27.62%) putative proteins were successfully assigned to the
KEGG database, and the top Gve pathways with the highest
number include “RNA transport,” “spliceosome,” “protein
processing in endoplasmic reticulum,” “purine metabolism,”
and “cell cycle–yeast” (Appendix S1).

2.2. Protein Domain Analysis for S. latifolia. We adopted
a widely used database Pfam [22] to perform protein domain
analysis. In total, 6821 deduced protein sequences of S. latifolia
were found to be associated with protein domains (Appendix
S2), and the top 20 Pfam domains are plotted in Figure 4.

.e top two Pfam domains are associated with protein
kinase activities (197 protein kinase domains and 149 protein
tyrosine kinase domains). Protein kinases have roles in every
aspect of regulation and signal transduction [23]. For ex-
ample, tyrosine kinase (TK) usually catalyzes the phos-
phorylation of Tyr residues in a protein. It is generally thought
the orthologs of animal TKs are rare in fungi [24, 25]. In
addition, we found 2 transporter domains including
a superfamily/MSF_1 domain (PF07690.11) containing 149
proteins and a sugar (and other) transporter/sugar_tr domain
(PF00083.19) containing 76 proteins. .ese transporters were
inferred to play roles in transportation of small solutes like
sugar in response to chemiosmotic ion gradients.

As we know, transcription factors help in coordinating
growth, survival, or reproduction related cellular processes
under certain conditions [26]..reemajor transcription factor
domains are PF04082.13 (39 fungal-speciGc transcription
factor domains/Fungal_trans), PF00096.21 (39 Zinc Gnger,

Table 1: Summary statistics of the S. latifolia genome.

Sequence and assembly Statistics
Sca6old number 472
Sca6old length (Mb) 48.13
Sca6old N50 (Kb) 640.83
GC content (%) 51.43
Length of classiGed repeats (%) 5.19Mb (10.79%)
Number of predicted gene models 12,471
Average transcript length (bp) 1216
Average number of exons per gene 4.9
Average exon size (bp) 246
Average intron size (bp) 84
Number of tRNA genes 115
Number of rRNA genes 21
Number of miRNA genes 72
Gene prediction Number
NR annotation 11,106
KEGG annotation 3445
KOG annotation 5691
COG annotation 3919
GO annotation 3197
Pfam annotation 6821
Swissport annotation 7012
TrEMBL annotation 11,026
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C2H2 type), and PF00172.13 (fungal Zn(2)-Cys(6) binuclear
cluster domain/Zn_clus). Similar to [27], a comparison of all
transcription domains suggests that the 3 TF domains are
highly expanded in the selected basidiomycetes (Appendix S3).

2.3. Phylogenetic Analysis of S. latifolia. In this study, we
selected 24 fungi to construct phylogenetic tree (Figure 5).
Among the 24 fungi, 22 are Basidiomycota fungi, and the
other two are Ascomycota fungi serving as an out-group to

root the tree. Phylogenetic analysis of the single-copy
orthologous proteins among the 24 fungi showed a close
evolutionary relationship among S. latifolia to Fomitopsis
pinicola, Wol&poria cocos, Postia placenta, and Antrodia
sinuosa, all of which are from the Polyporaceae family.
Similar to [19], Polyporales in this study were divided into
several major clades like antrodia, core polyporoid, and
phlebiod clades, among which S. latifolia falls into the
antrodia clade together with Fomitopsis pinicola,Wol&poria
cocos, Postia placenta, Antrodia sinuosa, and Fibroporia
radiculosa, while Ceriporiopsis subvermispora belongs to an
uncertain polyporoid clade. It is of note that additional
phylogenetic information might be retrieved using phylo-
genetic network methods [28, 29].

2.4. CarbohydrateActive Enzymes (CAZymes). As S. latifolia
thrives on pine sawdust substrates, we mapped its genome
to the CAZy database for identifying carbohydrate-active
enzymes (CAZymes), carbohydrate-binding modules, and
auxiliary proteins. We applied dbCAN [30] with default
parameters and identiGed a total of 301 CAZyme-coding
gene homologs (Appendix S4), which includes 127 gly-
coside hydrolases (GH), 64 glycosyltransferases (GT), 55
carbohydrate esterases (CE), 30 with auxiliary activities
(AA), 19 carbohydrate binding module (CBM), and 6
polysaccharide lyases (PL). Interestingly, we identiGed
lower number of CAZyme candidates than the average
numbers (of CAZyme candidates) for several Basidiomy-
cota fungi (Figure 5, Table 2).

S. latifolia have fewer genes encoding for the initial
lignin degradation (auxiliary activities; formerly FOLymes)
compared to those in the closest known brown-rot ba-
sidiomycetes such as Fomitopsis pinicola, Antrodia sinuosa,
Fibroporia radiculosa,Wol&poria cocos, and Postia placenta
in Polyporales. Similarly, it also contains fewer genes than
white-rot fungi. .ere are 30 AA genes in this genome
including 5 AA1 (multicopper oxidases), 2 AA2 (lignin-
modifying peroxidases), 11 AA3 (glucose-methanol-choline
oxidoreductase including cellobiose dehydrogenase, aryl-
alcohol oxidase/glucose oxidase, alcohol oxidase, pyranose
oxidase), 2 AA4 (vanillyl-alcohol oxidase), 4 AA5 (copper
radical oxidases), 1 AA6 (1,4-benzoquinone reductase), 3 AA7
(glucooligosaccharide oxidase), and 2 AA9 (lytic poly-
saccharide monooxygenase) genes. Due to their contribution
in disintegration of the plant cell wall polysaccharides, the CE,
GH, and PL superfamilies were also called cell wall-degrading
enzymes [31], which consist mainly of cellulose, hemi-
cellulose, and pectin [11]. However, S. latifolia have fewer
numbers of genes coding GHs and CEs (the numbers are 127
and 55, resp.) than those of other wood-rot fungi. In addition,
the number of PLs (6 genes) in S. latifolia genomes was the
highest but was absent of CE8 (pectin methylesterase), GH89
(α-N-acetylglucosaminidase), GH78, GT41, and GT66, when
compared to other Gve brown-rot fungi. CAZymes involved in
cellulose and hemicellulose degradation were also compared
(Appendix S5). Our results suggest that GH and CE genes
might play weak roles in degradation of plant cell wall poly-
saccharides in S. latifolia genomes compared to other fungi.
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Figure 1: ClassiGcation of S. latifolia proteins by the Eukaryotic
Clusters of Orthologs (KOG) database.
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2.5. Cytochrome P450 Monooxygenases. Cytochromes P450
(P450s) are heme-containing monooxygenases and widely
present in species across the biological kingdoms. We re-
trieved the P450 genes in S. latifolia and 12 other Polyporales
using BLAST against the P450 database (Table 3). Phaner-
ochaete carnosa contains the highest number of putative
P450 genes (262) followed by Ganoderma sp. (209), Wolf-
iporia cocos (206), and Bjerkandera adusta (199). However,
S. latifolia only had a total of 105 CYPs, in which 85 CYPs
can be assigned to 26 families according to Nelson’s no-
menclature, and the left 20 CYPs need further assignment
(Appendix S6) [32]. .e CYP5146 family had the largest
number of genes (20 genes), followed by CYP620 (9 genes),
CYP53 (7 genes), and CYP63 (6 genes) families (Table 3).
CYP5146 and CYP5150 family proteins were involved in the
oxidation of heterocyclic aromatic compounds, and the
number of CYP5146 proteins in S. latifolia was highest
across the selected fungi. Enrichment of CYP5146 family
suggested that CYP5146 proteins might contribute to fungal
adaptation to ecological niches by involving in oxidation of
plant material. .e gene number of the CYP620 family
(involved in the secondary metabolism) was signiGcantly
higher than other selected fungi. .e CYP53 family, also
known as benzoate-p-hydroxylase, possibly played a key role
in colonization of plants through involvement in degradation
of wood [33]. S. latifolia also harbours six genes from the
CYP63 family, which are associated with xenobiotic degra-
dation in Phanerochaete chrysosporium [34]. When compared

to other fungi [11], it is worth noting that S. latifolia has 24 genes
engaged in “Metabolism of xenobiotics by cytochrome P450”
and 21 genes engaged in “Drug metabolism–cytochrome P450”
KEGG subpathways (Appendix S6). However, the exact roles of
these CYPs are yet to be studied.

2.6. Secondary Metabolism. .e secondary metabolism of
fungi is a rich source of bioactive chemical compounds with
great potential for pharmaceutical, agricultural, and nutri-
tional applications, and secondary metabolite biosynthetic
genes are often clustered [37]. .ere are several metabolite
gene clusters in the S. latifolia genome, suggesting its potential
in producing certain biologically active compounds (Ap-
pendix S7). .ere are 15 gene clusters encoding key enzymes
critical to the biosynthesis of terpenes, indole, polyketides,
and other secondary metabolite-related proteins. In-
terestingly, most of these clusters have homologous in other
fungi except for clusters 1, 16, 18, and 33 (Appendix S8).

Fungal polyketides are one of the Grst classes of sec-
ondary metabolites and responsible for both aromatic and
highly reduced polyketide metabolites [38]. .e S. latifolia
genome has 24 putative synthesis-associated genes assigned
to three type I polyketide clusters. As probably the largest
class of nitrogen-containing secondary metabolites, indole
alkaloids are widely present in species across the biological
kingdoms, many of which display potent biological activities
[39]. An indole-prenyltransferase- (indole-PTase-) encoding
gene was detected in cluster 16. Indole-PTase, also referred to
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Figure 2: ClassiGcation of S. latifolia proteins by the Gene Ontology (GO) database.
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as dimethylallyl tryptophan synthases- (DMATS-) type
PTase, is one of the most common aromatic PTases in fungi.
However, the indole-PTase-encoding gene in cluster 16 is not

clustered with any other biosynthesis enzyme-encoding genes.
In cluster 37, indole-PTase is clustered with a nonribosomal
peptide synthase and PKS_ER domain. Indole precursors
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Figure 3: ClassiGcation of S. latifolia proteins by the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.

197
149
149

129
110

105
89

84
76

71
71
69

65
62

59
58

55
54
53
53

0 50 100 150 200 250

Protein kinase domain (PF00069.20)
Major facilitator superfamily (PF07690.11 )

Protein tyrosine kinase (PF07714.12)
WD domain, G-beta repeat (PF00400.27)
Short chain dehydrogenase (PF00106.20)

Cytochrome P450 (PF00067.17 )
F-box-like (PF12937.2)

Helicase conserved C-terminal domain (PF00271.26)
Sugar (and other) transporter (PF00083.19)

RNA recognition motif (PF00076.17)
DEAD/DEAH box helicase (PF00270.24 )

KR domain (PF08659.5)
RNA recognition motif (PF14259.1)

50S ribosome-binding GTPase (PF01926.18)
ATPase family associated with various cellular activities (PF00004.24)

NAD dependent epimerase/dehydratase family (PF01370.16)
Enoyl-(acyl carrier protein) reductase (PF13561.1)

Zinc �nger, C3HC4 type (PF00097.20)
Aldo/keto reductase family (PF00248.16)
Alpha/beta hydrolase family (PF12697.2)

Figure 4: A summary for the top 20 Pfam protein domains of S. latifolia.
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L-tryptophan might be directly activated by the adenylation
domains of nonribosomal peptide synthetases (NRPSs).

Terpenoids is a well-recognized group of secondary
metabolites for their wide usage in pharmacy. Based on anti-
SMASH analysis, terpene synthase cluster was the largest
cluster (located in 6 di6erent sca6olds). .e terpene syn-
thases are known to be critical to the biosynthesis of

monoterpene, sesquiterpene, and diterpene backbones [40].
A total of 4 terpene synthase genes were identiGed in the
S. latifolia genome, many of which were clustered together
with modifying enzymes (Appendix S7).

In addition, we identiGed 17 key enzymes in themevalonate
(MVA) pathway in the genome of S. latifolia based on KEGG.
.is indicates that the terpenoid backbone biosynthesis in
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Figure 5: Phylogenetic tree and CAZymes analysis of S. latifolia and a few selected fungal species. (a) .e topology of the phylogenetic
tree. Saccharomyces cerevisiae and Neurospora crassa are selected as an out-group. Ust, Ustilaginales; Tre, Tremellales; Aur, Auric-
ulariales; Pol, Polyporales; Aga, Agaricales; Asc, Ascomycota; Bas, Basidiomycota. (b) CAZymes number of S. latifolia with those of
other fungi.
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S. latifolia can only proceed via theMVApathway (Appendix S7).
We list in Table 4 all of the core enzymes involved in the MVA
pathway. .e enzymes hydroxymethylglutaryl-CoA reductase,
type III geranylgeranyl diphosphate synthase, phosphome-
valonate kinase, hydroxymethylglutaryl-CoA synthase,
prenylcysteine oxidase/farnesylcysteine lyase, and protein
farnesyltransferase subunit beta are each coded by two
copies of the genes. In contrast, the remaining 11 enzymes
are encoded by a single copy of the genes. We also searched
the S. latifolia genome for potential triterpenoid biosynthesis
genes and found a gene (Gglean006755.1) that encodes
lanosterol synthase (LSS; K01852; EC: 5.4.99.7). LSS was
implicated in biosynthesis of the bioactive triterpenes in
Ganoderma lucidum (ganoderic acids). .e LSS in S. latifolia
showed 73% and 81% identity to G. lucidum (ADD60469.1)

and Antrodia cinnamomea (AIO10969.1), respectively. Simi-
larly, the LSS in S. latifoliamight be involved in biosynthesis of
bioactive triterpenes. However, no bioactive triterpenes have
been isolated from S. latifolia to date.

2.7. �e Biosynthesis of β-Glucan. .e major category of
bioactive compounds found in S. latifolia is polysaccharide,
and the most active immunomodulatory compounds are the
water-soluble 1,3-β- and 1,6-β-glucans in S. latifolia [41].
UDP-glucose is the precursor of these glucans, whose
biosynthesis involves hexokinase, phosphoglucomutase,
and UTP-glucose-1-phosphate uridylyltransferase. .e three
enzymes are encoded by three, one, and two copies of
genes, respectively, in S. latifolia (Table 5). In addition,

Table 2: Comparison of the number of AAs family of S. latifolia with those of other fungi.

AA1 AA2 AA3 AA4 AA5 AA6 AA7 AA8 AA9 AA10 AA11 AA12 AA13

Brown rot

S. latifolia 5 2 11 2 4 1 3 0 2 0 0 0 0
P. placenta 5 1 18 0 1 0 5 0 4 0 0 0 0
F. pinicola 6 2 20 1 4 1 14 0 4 0 1 0 0
F. radiculosa 4 2 22 0 3 1 5 0 2 0 1 0 0
A. sinuosa 7 2 22 3 4 1 7 0 2 0 1 0 0
W. cocos 4 2 15 1 4 1 12 0 2 0 1 0 0

White rot

T. versicolor 8 27 23 3 9 1 11 2 18 0 1 0 0
L. tigrinus 10 23 29 2 10 2 20 2 16 0 1 0 0

P. chrysosporium 2 17 37 1 7 4 13 2 16 0 0 1 0
T. cinnabarina 7 11 23 1 7 1 5 1 17 0 0 0 0
A. subglabra 7 22 45 1 8 4 15 1 20 0 6 4 0
P. carnosa 8 12 49 1 6 4 24 2 11 0 0 3 0

Ganoderma sp. 18 11 34 1 9 2 14 1 16 0 2 0 0
P. ostreatus 12 9 42 1 15 2 23 1 28 0 0 1 0
D. squalens 12 14 36 3 9 1 11 2 15 0 2 0 0
S. commune 3 2 23 2 2 4 12 1 22 0 10 0 0
B. adusta 2 21 38 1 7 4 10 2 27 0 1 1 0

C. subvermispora 9 17 22 1 3 0 10 2 9 0 0 0 0
A. bisporus 13 5 36 1 9 4 14 1 11 0 0 1 0
N. crassa 10 6 11 3 2 1 18 0 13 0 4 3 1

T. mesenterica 4 0 2 0 2 1 2 0 0 0 1 0 0
C. neoformans 4 2 2 1 3 2 1 0 1 0 1 0 0
U. maydis 3 3 10 1 4 1 6 0 0 1 0 0 0
S. cerevisiae 2 1 0 3 0 3 1 0 0 0 0 0 0

Table 3: CYP450 genes identiGed in fungal species.

Fungal species P450 count Reference

Brown rot

Sparassis latifolia 105 .is study
Fibroporia radiculosa 176 .is study
Fomitopsis pinicola 190 [17]
Laetiporus sulphureus 167 .is study

Postia placenta 190 [35]
Wol&poria cocos 206 [17]

White rot

Trametes versicolor 190 [17]
Dichomitus squalens 187 [17]
Lentinus tigrinus 194 .is study

Phanerochaete carnosa 262 [36]
Bjerkandera adusta 199 [35]
Ganoderma sp. 209 [35]

Phanerochaete chrysosporium 161 [35]
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S. latifolia encodes 2 1,3-β-glucan synthases and 8 β-glucan
biosynthesis-associated proteins containing an SKN1 do-
main (PF03935).

.ere are two types of 1,3-β-glucan synthases (i.e., Type I
and II) for the mushrooms in the class Agaricomycetes [42].
Interestingly, two 1,3-β-glucan synthases (Gglean008387.1
and Gglean007995.1) in S. latifolia were also assigned to
two distinct cluster (Figure 6). 1,3-β-glucan synthases in
S. latifolia are integral membrane proteins. Gglean008387.1
was predicted to be consisting of 16 loops and 15 trans-
membrane α-helices, and Gglean007995.1 consists of 17
loops and 16 transmembrane α-helices (Appendix S9).
S. latifolia 1,3-β-glucan synthases contained two catalytic
domains (Fks1 and glucan synthase) and were separated
by the transmembrane domain TM1. In the yeast homo-
logue Fks1p (gi584374588), the glucan synthase domain
was reported to play an important role in enzyme catalysis.
Mutations in the core catalytic region of the Fks1p glucan
synthase domain caused more than 30% reduction in
alkali-soluble 1,3-β-glucan [43]. .e glucan synthase do-
main of S. latifolia 1,3-β-glucan synthases was highly
homologous to Fks1p (Appendix S10). .e amino acid
residues being reported to a6ect the catalytic activity of
Fks1p were mostly conserved in both S. latifolia β-glucan
synthases. S. latifolia produces unusually high amount of
soluble 1,3-β-glucan, but the mechanisms are still unclear.
Comparative biochemical and molecular studies with
various Agaricomycetes β-glucan synthases may provide
some explanations [42].

3. Materials and Methods

3.1. Strains and Culture Conditions. Cultivated in China, the
S. latifolia strain “Minxiu NO.1” was provided by the

Institute of Edible Fungi, Fujian Academy of Agricultural
Sciences, and was grown at 25°C on PDA (20% potato, 0.2%
peptone, 2% glucose, and 1.5% agar) for 25 days. To isolate
genomic DNA and total RNA from mycelia, a 300mL
Erlenmeyer ?ask containing 50mLPDB liquid medium
(20% potato, 0.2% peptone, and 2% glucose) was inoculated
with fresh plugs from the plate (Gvemycelial plugs/?ask) and
incubated at 25°C for 25 days with rotation.

3.2. Sequencing, Assembly, and Annotation. Using an im-
proved cetyltrimethylammonium bromide (CTAB) method,
we extracted the genomic DNA from fungal mycelium. .e
modiGed CTAB extraction bu6er contained 3% (w/v)
CTAB, 1.4M NaCl, 0.1M Tris-HCl, 5% (w/v) PVP K40,
0.02M EDTA, and 2% (w/v) proteinase K. We then gen-
erated paired-end reads by sequencing of four cloned insert
libraries of 180, 500, 3000, and 8000 bp using Hiseq 2500
system (Illumina Inc., San Diego, CA, USA) at Biomarker
Technologies (Beijing, China). After that, we used the
standard Illumina protocol to perform all procedures for
cDNA library construction and sequencing. Raw data were
processed by Gltering low-quality reads by SolexaQA v2.0
(defaults to P � 0.05, or equivalently Q� 13) and removing
the PCR duplicates by FastUniq v1.1 with default settings.
High-quality clean reads were then assembled by
ALLPATHS-LG v41245 [44] with default settings. Gap-
Closer v1.12 from SOAPdenovo2 package [45] was used to
close gaps within assembled sca6olds. .e protein-coding
genes were predicted with a combination of Augustus v3.1,
ESTs produced from transcriptome sequencing (NCBI SRA
accession number: SRR3318775). Tandem repeat sequences
were predicted using Tandem Repeat Finder v4.04 (pa-
rameters: Match� 2, Mismatch� 7, Delta� 7, PM� 80,

Table 4: A list of putative genes involved in terpenoid backbone biosynthesis.

Gene name and deGnition EC no. KO term Gene ID
Hydroxymethylglutaryl-CoA reductase 1.1.1.34 K00021 Gglean000823.1, Gglean000824.1
Protein-S-isoprenylcysteine O-methyltransferase 2.1.1.100 K00587 Gglean010277.1
Acetyl-CoA C-acetyltransferase 2.3.1.9 K00626 Gglean006582.1
Farnesyl diphosphate synthase 2.5.1.1 2.5.1.10 K00787 Gglean006352.1
Geranylgeranyl diphosphate synthase, type III 2.5.1.1 2.5.1.10 2.5.1.29 K00804 Gglean002785.1, Gglean011737.1
Phosphomevalonate kinase 2.7.4.2 K00938 Gglean000456.1, Gglean000457.1
Diphosphomevalonate decarboxylase 4.1.1.33 K01597 Gglean011667.1
Hydroxymethylglutaryl-CoA synthase 2.3.3.10 K01641 Gglean007166.1, Gglean007167.1
Isopentenyl-diphosphate delta-isomerase 5.3.3.2 K01823 Gglean001358.1
Hexaprenyl-diphosphate synthase 2.5.1.82 2.5.1.83 K05355 Gglean004204.1
Prenylcysteine oxidase/farnesylcysteine lyase 1.8.3.5 1.8.3.6 K05906 Gglean009234.1, Gglean010460.1
Protein farnesyltransferase subunit beta 2.5.1.58 K05954 Gglean006402.1, Gglean006403.1
Protein farnesyltransferase/geranylgeranyltransferase
type-1 subunit alpha 2.5.1.58 2.5.1.59 K05955 Gglean005496.1

STE24 endopeptidase 3.4.24.84 K06013 Gglean006227.1
Prenyl protein peptidase 3.4.22.- K08658 Gglean002780.1
Ditrans,polycis-polyprenyl diphosphate synthase 2.5.1.87 K11778 Gglean010851.1
Dehydrodolichyl diphosphate synthase complex
subunit NUS1 2.5.1.87 K19177 Gglean001412.1
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PI� 10, Minscore� 50, MaxPeriod � 2000). We applied
rRNA pool alignment and RNAmmer v1.2 (de novo pre-
diction) to identify rRNA sequences, tRNAscan-SE v1.3.1

with default parameters to predict tRNA genes, andmiRNAs
were predicted by BLAST against mirBase 21 database (E
value< 10).

Table 5: Genes involved in polysaccharide biosynthesis.

Gene ID KO/Pfam ID Gene description
Gglean003196.1 K00844 Hexokinase [EC:2.7.1.1]
Gglean003197.1 K00844 Hexokinase [EC:2.7.1.1]
Gglean005897.1 K00844 Hexokinase [EC:2.7.1.1]
Gglean005877.1 K01835 Phosphoglucomutase [EC:5.4.2.2]

Gglean000263.1 K00963 UTP–glucose-1-phosphate uridylyltransferase [EC:
2.7.7.9]

Gglean000264.1 K00963 UTP–glucose-1-phosphate uridylyltransferase [EC:
2.7.7.9]

Gglean008387.1 K00706 1,3-Beta-glucan synthase [EC:2.4.1.34]
Gglean007995.1 K00706 1,3-Beta-glucan synthase [EC:2.4.1.34]
Gglean003497.1 PF03935 Beta-glucan synthesis-associated protein (SKN1)
Gglean005254.1 PF03935 Beta-glucan synthesis-associated protein (SKN1)
Gglean005257.1 PF03935 Beta-glucan synthesis-associated protein (SKN1)
Gglean008218.1 PF03935 Beta-glucan synthesis-associated protein (SKN1)
Gglean008219.1 PF03935 Beta-glucan synthesis-associated protein (SKN1)
Gglean009159.1 PF03935 Beta-glucan synthesis-associated protein (SKN1)
Gglean009770.1 PF03935 Beta-glucan synthesis-associated protein (SKN1)
Gglean001709.1 PF03935 Beta-glucan synthesis-associated protein (SKN1)
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Figure 6: Analysis of β-glucan synthases using protein sequences in the class Agaricomycetes. Protein accession of Fomitiporia medi-
terranea, Scleroderma citrinum, Piloderma croceum, Volvariella volvacea, Agaricus bisporus, Pleurotus ostreatus, Stereum hirsutum, Len-
tinellus vulpinus, Punctularia strigosozonata, Jaapia argillacea, �elephora ganbajun, Ganoderma sp., and Wol&poria cocos in Type I (jgi|
Fomme1|86578, jgi|Sclci1|1222347, jgi|Pilcr1|820169, jgi|Volvo1|118141, jgi|Agabi_varbisH97_2|226824, jgi|PleosPC9_1|114534, jgi|
Stehi1|78309, jgi|Lenvul1|989499, jgi|Punst1|118018, jgi|Jaaar1|194770, jgi|.ega1|3269658, jgi|Gansp1|120993, jgi|Wolco1|84016) and
Type II (jgi|Fomme1|79513, jgi|Sclci1|8244, jgi|Pilcr1|815519, jgi|Volvo1|113473, jgi|Agabi_varbisH97_2|199445, jgi|PleosPC9_1|114314,
jgi|Stehi1|74453, jgi|Lenvul1|1022017, jgi|Punst1|71276, jgi|Jaaar1|125478, jgi|.ega1|3160028, jgi|Gansp1|119633, jgi|Wolco1|64852).
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To predict the functions of predicted genes, the genes were
compared using BLAST against known protein and nucleo-
tide databases (with E value< 1e-5), including the NCBI
nucleotide (Nt; http://blast.ncbi.nlm.nih.gov/Blast.cgi), non-
redundant set (Nr; http://blast.ncbi.nlm.nih.gov/Blast.cgi),
UniProtKB (http://www.ebi.ac.uk/uniprot), Gene Ontology
(GO) [46], Eukaryotic Orthologous Groups (KOGs), Clusters
of Orthologous Groups (COGs) [47], Pfam [22] (http://pfam.
sanger.ac.uk/), and Kyoto Encyclopedia of Genes and
Genomes (KEGG; http://www.genome.jp/kegg/) protein
databases [48].

3.3. Protein Domain Estimation. We adopted a similar
procedure in Kumar et al. [49] to perform protein domain
estimation of the S. latifolia genome. Roughly, the predicted
proteins of the S. latifolia genome were scanned to Pfam [22]
protein domain collection. Pfam domains were inferred
using HMMER 3.0 [50] by removing overlapping clans. .e
readers were referred to [49] for detailed steps.

3.4. CYPandCAZyFamilyClassi&cations. S. latifolia protein
sequences were grouped into di6erent protein families using
the National Centre for Biotechnology and Information
(NCBI) Conserved Domain Database: NCBI Batch Web
CD-search tool [51]. .e proteins grouped under the cy-
tochrome P450 monooxygenases superfamily were selected
and aligned to fungi P450 sequences. .e detected CYPs
were named after the nomenclature in the P450 database,
which could be found at the Cytochrome P450 homepage
(http://drnelson.uthsc.edu/CytochromeP450.html) [32] or
the Cytochrome P450 Engineering Database (https://cyped.
biocatnet.de/) [52]. P450s that showed less than 40% identity
were assigned to a new family. .e dbCAN CAZyme an-
notation program (http://csbl.bmb.uga.edu/dbCAN/) [30]
with default parameters and the Carbohydrate Active En-
zymes (CAZy) database v6.0 (http://www.cazy.org) were
adopted to perform the functional annotations for
carbohydrate-active modules and ligninolytic enzymes,
which include glycoside hydrolases (GHs), glycosyl-
transferases (GTs), polysaccharide lyases (PLs), carbohy-
drate esterases (CEs), and auxiliary activities (AAs).

3.5. SecondaryMetaboliteGeneClustersAnnotation. We Grst
used BLAST (with E value< 1e−3) to identify putative genes
encoding proteins that produce bioactive compounds.
Subsequently, we analyzed the S. latifolia genome by anti-
SMASH (http://antismash.secondarymetabolites.org/) [37]
to identify putative clusters, which were further examined by
manually coupling with RNA-Seq data.

3.6. Phylogenetic Analysis. Together with S. latifolia, 24
fungal species mainly in the fungi divisions Basidiomycota
and Ascomycota were selected for phylogenetic analysis.
We obtained the genomic data of 5 species (i.e.,Ganoderma
sp., Lentinus tigrinus, Bjerkandera adusta, Phanerochaete
chrysosporium, and Antrodia sinuosa) from the Joint Ge-
nome Institute (JGI) and those for 18 other species

(i.e., Ceriporiopsis subvermispora, Fibroporia radiculosa,
Fomitopsis pinicola, Wol&poria cocos, Postia placenta,
Phanerochaete carnosa, Trametes versicolor, Dichomitus
squalens, Trametes cinnabarina, Cryptococcus neoformans,
Ustilago maydis, Neurospora crassa, Saccharomyces cer-
evisiae, Schizophyllum commune, Pleurotus ostreatus,
Agaricus bisporus, Auricularia delicate, and Tremella mesen-
terica) from NCBI. In addition, we also used our customized
Perl program to select the longest transcript of each gene as
candidate data. .e orthologues were clustered by compar-
ison of protein data sets among 24 species and the blastall
program with parameters “-p blastp - -m 8 -e 1e-7” and the
OrthoMCL 5 [53] program with default parameters. Phylo-
genetic tree were constructed by RAxML-7.2.8-ALPHA [54]
with parameters “-m GTRGAMMA -# 20” and bootstrap test
1000 times.

Protein sequences of β-glucan synthases from the dif-
ferent species were aligned using MUSCLE 3.6 [55, 56]. .e
multiple sequence alignments were concatenated upon re-
moving poorly aligned regions by the GBlocks server [57].
We then used a software PROTTEST 3.4 [58] to select the
best model to Gt protein evolution of the concatenated
alignment. Phylogenetic analysis was conducted with
Bayesian inference (BI) implemented in MrBayes v3.2.5 [59]
under the LG+G+ I model.
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2e outbreaks of pseudorabies have been frequently reported in Bartha-K61-vaccinated farms in China since 2011. To study the
pathogenicity and evolution of the circulating pseudorabies viruses in Fujian Province, mainlandChina, we isolated and sequenced the
whole genome of a wild-type pseudorabies virus strain named “FJ-2012.” We then conducted a few downstream bioinformatics
analyses including phylogenetic analysis and pathogenic analysis and used the virus to infect 6 pseudorabies virus-free piglets. FJ-2012-
infected piglets developed symptoms like high body temperature and central nervous system disorders and had highmortality rate. In
addition, we identi=ed typical micropathological changes such as multiple gross lesions in infected piglets through pathological
analysis and conclude that the FJ-2012 genome is signi=cantly di>erent from known pseudorabies viruses, in which insertions,
deletions, and substitutions are observed inmultiple immune and virulence genes. In summary, this study shed lights on themolecular
basis of the prevalence and pathology of the pseudorabies virus strain FJ-2012. 2e genome of FJ-2012 could be used as a reference to
study the evolution of pseudorabies viruses, which is critical to the vaccine development of new emerging pseudorabies viruses.

1. Introduction

Pseudorabies virus (PRV), also called Aujeszky’s disease
virus or Suid herpesvirus 1, is the causative agent of pseu-
dorabies (PR), which infects a wide variety of animals from
mollusks to mammals and damages world economy. PRV is
a member of the subfamily Alphaherpesvirinae in the family
Herpesviridae belonging to the genus Varicellovirus [1].
2ough the virus was =rst described in cattle by Aujeszky in
1902, pigs are the natural reservoir for PRV [2, 3]. 2e
clinical symptoms of PR in pigs are characterized by central
nervous system (CNS) disorders in piglets, abortion in
pregnant swine, and respiring signs in older pigs [4].
2e PRV genome encompasses a unique long segment

(UL) and a unique short region (US) Kanked by the internal
and terminal repeat sequences (IRS and TRS, resp.), encoding

more than 70 proteins. 2e virulence of PRVs and the im-
munology mutual protection between them are determined
by multiple genes, and thus the genome-wide analysis is
necessary to de=ne all the characteristics of the viruses [5, 6].
Pseudorabies had been well controlled in China due to the

wide usage of gE-deleted vaccines and the serum distinguish
test [7]. However, in late 2011, outbreaks of PR were reported
in Bartha-K61-vaccinated farms, and the disease rapidly
spread to 11 provinces from northern to eastern China in-
cluding Heilongjiang, Jilin, Liaoning, Tianjin, Jiangsu, Zhe-
jiang, and Fujian. A few studies showed that the current PR
outbreaks on farms were caused by PRV variants, and the PR
vaccine could not provide e>ective protection against the
prevalence of PRV strains in China [8–10]. However, the
complete genomes of the variants and their molecular
characteristics are unclear, which is an obstacle in producing
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e>ective vaccines. As a result, the outbreaks have caused
a great economic loss to swine-feeding industry in China.
In this study, we thoroughly assessed a pseudorabies

virus named “PRV FJ-2012,” which was isolated from
a Bartha-K61-vaccinated pig farm in Fujian Province during
a PR outbreak. 2e outbreak has the following character-
istics: (1) the mortality of infections can be as high as 100%
and (2) plenty of pregnant sows aborted. We have char-
acterized the pathogenicity in pigs and analyzed the com-
plete genome of the PRV FJ-2012 in order to characterize its
molecular properties and virulence.

2. Materials and Methods

2.1. Virus, Cells, and Genomic Viral DNA Preparation. PRV
FJ-2012 was isolated from pig brain samples collected from
a Bartha-K61-vaccinated farm with a PR outbreak in Fujian
Province, southern China, in 2012.2e virus was determined to
be a pseudorabies viral strain by the PCR analysis and the
sequence analysis of its partial gE gene. Virus was propagated
onPK-15 cells, cultured inDulbecco’smodi=ed Eagle’smedium
(DMEM, Hyclone, USA) containing 1% fetal bovine serum
(FBS, Gibco, USA), 100 IU/mL penicillin, and 100μg/mL
streptomycin at 37°C and 5% CO2. Cells were harvested
when the cytopathic e>ect (CPE) of PK-15 cells that were
inoculated by PRV FJ-2012 strain reached 80%. After freeze-
thaw for three times, the cell debris was removed by centri-
fugation at 5000×g for 30min at 4°C. 2en, the supernatant
involving PRV was centrifuged by a Beckman ultracentrifuge
(LE-80K) at 30,000×g for 2h at 4°C; the supernatant was
discarded, and the pellets were then resuspended in 2mL PBS
(0.01mol/L, PH7.2). Discontinuous mass fraction sucrose
gradients (30%, 35%, 40%, and 45%) that were formulated with
PBS were further puri=ed at 26,000×g for 2h at 4°C. And then,
the virus band (between 35% and 40%) was drawn to a cen-
trifuge tube, and the sucrose was removed by centrifugation
at 30,000×g for 1h at 4°C. 2e puri=ed virus particle was
obtained and used to prepare genomic viral DNA using
QIAampDNAMini Kit (QIAGEN, Germany) according to the
manufacturer’s instructions.

2.2. Experimental PRV Inoculation of Pigs. Ten healthy, 28-
day-old Duroc× Landrace×Yorkshire (DLY) hybrid pigs
were collected from PRV-free swine farm and con=rmed to
be serologically negative for PRV antibodies with a gB ELISA
kit (IDEXX, USA). 2e pigs were randomly allocated to two
groups, namely, the challenge and control group, and each
group was housed in separate pens. Four pigs in Group 1
(the challenge group) were each inoculated intranasally (i.n.)
with 1mL 106 TCID50 FJ-2012 strain, and the other two pigs
in Group 1 were i.n. with DMEM with the same dose as the
cohabit infective test.2e remaining four pigs were served as
uninfected control. Clinical signs and rectal temperatures of
pigs were recorded daily throughout the study. At 14 dpi, all
surviving pigs were euthanized.

2.3. Tissue Sampling and Histological Analysis. After macro-
scopic examination, the tissue samples required for histological

examination were obtained from the brains, kidneys, lungs,
tonsils, livers, and lymph nodes (super=cial inguinal). 2ese
samples were =xed in 10% formalin, processed routinely, and
embedded in paraUn. Each paraUn sample was sectioned to
4-5 μm and stained with HE. 2e sections were viewed with
a Motic BA210 microscope.

2.4. Genomic Sequencing, Assembly, Annotation, and Analysis.
2e genome of PRV FJ-2012 strain was sequenced with
a Paci=c Biosciences RS II sequencer (Paci=c Biosciences,
Menlo Park, CA, USA), using a single-molecule long-read
sequencing technology with a 10K SMRTbell template library.
We are fully aware that the long reads from the Paci=c
Biosciences RS II sequencer have some disadvantages like
high error rate compared to short reads. However, we still
prefer long reads since they are better at identifying gene
isoforms and assembly, which are critical to this study. We
then removed host reads by comparing the reads against
the pigs (Sus scrofa) using BLAST. 2e remaining reads
were de novo assembled; the obtained contigs were assembled
with Celera software (https://sourceforge.net/projects/wgs-
assembler/=les/wgs-assembler/wgs-8.3/), and the sca>olds
were constructed by comparing the contigs with reference
PRV genomes (GenBank Accession # NC_006151) using
the NCBI BLAST program. Finally, a Perl program was
used to check gaps between the sca>olds, and the align-
ments were extremely high coverage with no gap.
2e open reading frames (ORFs) of FJ-2012 genome were

searched by ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/),
and genes were predicted and analyzed by GeneMarkS [11].
2e ORF annotations of the FJ-2012 strain were created by
BLAST homology-based transfer as previously described in
[5, 12, 13].2e alignments were performed using themVISTA
genomic analysis tool with a LAGAN global alignment [14].
2e phylogenetic trees were constructed using the neighbor-
joining algorithm with 1000 bootstrap repetitions using the
Kimura 2-parameter substitution model in MEGA 5.0 [15–17].
2e distribution of polymorphic sites in eight PRV genomes
was inferred using the software Base-By-Base [18].

3. Results

3.1. Pathogenicity of the PRV Strain FJ-2012 in Pigs. After
intranasal infection of the 28-day-old PRV-free piglets, all
pigs in the challenge group developed high fever begin-
ning at 2 dpi with temperatures 41.9°C–42.5°C. 2e clinical
signs were consistent with typical pseudorabies syndrome,
from listlessness, anorexia, to high fever and then dis-
played respiratory symptoms such as cough, sneeze, and
central nervous system (CNS) symptoms. Finally, all pigs
in the challenge group exhibited opisthotonus and were
dead in 8–14 dpi. 2e pigs in the cohabitation infection
group also showed high fever with temperatures 41.9°C–
42.5°C, but the time of onset was 4 days later and the
clinical signs were milder than those in the challenge
group. 2e pigs were also dead in the end (Table 1). In
contrast, pigs in the control group remained healthy
without any abnormal symptom.
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3.2. Gross Lesions. 2e pigs in the FJ-2012-infected group
showed multiple gross lesions. Macroscopic encephalic
hemorrhages or encephalemia was observed in all pigs (4/4).
2ree of those pigs (3/4) showed pinpoint hemorrhages in
the kidney. Small white foci were seen in the liver of four pigs
(4/4). Di>use reddened foci and edema of the lungs were
observed in all pigs (4/4). 2e dark-red hemorrhage and
congestion were noted in the lymph node of four pigs (4/4).
Tonsil anabrosis was observed in three pigs (3/4). Two pigs
in the cohabitation infection group showed milder lesions
(such as slight hemorrhages in the brain and lung). No pig in
the control group displayed gross lesions.

3.3. Histopathological Analysis. To further study the pa-
thology of these organs, samples from brains, kidneys, livers,
lungs, lymph nodes, and tonsils of pigs were stained with
hematoxylin and eosin (H&E). On one hand, the histo-
pathological examination showed multiple lesions in several
organs of PRV-infected pigs. For example, nonsuppurative
ganglioneuritis, characterized by gliosis, hemorrhage (Figure
1(a)), pronounced perivascular inKammatory in=ltrates, and
nerve cell necrosis were observed in the brain (Figure 1(b)).
2e lungs showed severe hemorrhage, congestion, and edema,
and bronchiolar cavities were =lled with cellular serous ex-
udates that were red-stained (Figure 1(c)). Multiple small
focal necrosis were discovered in the liver (Figure 1(d)) and
the kidney with lymphocytic in=ltration and congestion
(Figure 1(e)).2e striking changes in the lymph nodes include
brownish-stained hemosiderosis and lymph follicle swelling
(Figure 1(f)). 2e strati=ed squamous epithelium of tonsil
appearedmodi=ed, necrosed and exfoliative (Figure 1(g)). On
the other hand, the histopathological results of these organs
from the control group had no signi=cantly pathological
changes (Figures 1(h)–1(n)).

3.4. Complete Genomic Characterization of the PRV FJ-2012
Strain. We performed the whole genome sequencing of FJ-
2012 and performed a few downstream analyses on the se-
quencing data (Figure 2). 2e total length of its genome is
144,873 bp with a high G+C content of 73.5%. 2e overall
genomic composition is the same as that of a few previously
studied strains (Bartha, Kaplan, and Becker), consisting of
a unique long (UL) region (position at 1–102,119), a unique
short (US) region (118,893–128,096), internal repeat sequences
(IRs, 102,120–118,892), and terminal repeat sequences (TRs,
128,097–144,873), which are located at the Kank of the US
region (Figure 1(a)). 70 open reading frames (ORFs) were
identi=ed, which relate to 70 genes that encode 68 di>erent
proteins (Figure 1(a)) since there are the two putative genes

(US1 and IE180). It is of note that US3 and US3.5 were treated
as di>erent genes due to their distinct functions [19].
2e unique long regions containing 59 genes, most of

which are involved in DNA replicative mechanisms and
virus particle assembly and mature, are transcribed in both
directions. Unique short regions containing 7 genes tran-
scribed backward are likely a>ecting pathogenesis and host
range functions. IRS and TRS containing US1 and IE180
genes, which function as an accessory regulatory protein and
interact with the IE protein to enhance gene transactivation,
are transcribed in reverse directions [20].

3.5. Comparison and Phylogenetic Analysis among PRV
Strains. We compared the genomes of FJ-2012 with those of
other 7 PRV strains including Kaplan, Becker, Bartha, JS-
2012, HeN1, TJ, and ZJ01.2e four strains JS-2012, HeN1, TJ,
and ZJ01 were isolated from China (Table 2). As can be seen,
FJ-2012 exhibited 94.2% to 98.32% nucleotide identity with
other strains from China and 89.8% to 91.9% nucleotide
identity with strains outside China. Speci=cally, FJ-2012 is
highly homologous to TJ strains (98.32%) and shared only
89.8% identity with the strain Bartha, which is deemed as an
excellent vaccine strain to control pseudorabies.
In addition, most genetic variations among the PRV

strains are located in noncoding regions, internal repeat
sequence regions, and terminal repeat sequence regions
(Figure 3 and see Table S1 available online at https://doi.
org/10.1155/2017/9073172). 2ere are also variations in a few
coding regions such as US1, UL36, gN, gB, and gC.2ere are
overall 11,893, 12,621 and 14,956 genomic changes, including
3759, 3724, and 3789 single-nucleotide substitutions be-
tween FJ-2012 and three non-China-origin viruses Kaplan,
Becker, and Bartha, respectively (Table 2). 2e genomic
changes between FJ-2012 and non-China-origin viruses are
higher than those between FJ-2012 and China-origin viruses.
Speci=cally, there are 4649, 4628, 2445, and 8557 genomic
changes, including 716, 560, 206, and 1025 single-nucleotide
substitutions between FJ-2012 and four China-origin viruses
JS-2012, HeN1, TJ, and ZJ01, respectively.
We then performed the phylogenetic analysis of the 8

viruses based on their full-length genome sequences, which
indicates that the PRV strains can be separated into 2 major
groups corresponding to their geographic locations, namely,
group genotype I consisting of strains in China and group
genotype II consisting of European and American strains
(Figure 4). FJ-2012 is phylogenetically most close to TJ strain.

3.6. Distribution of Polymorphic Sites and Protein Coding
Variations of PRVs. We used Base-by-Base software to infer

Table 1: 2e outcome of the pigs inoculated intranasally (i.n.) with FJ-2012 strain or DMEM.

Groups Dose (TCID50) 1mL
Survival rate (day post infection)

Mortality (%)
6 7 8 9 10 11 12 13 14

PRV FJ-2012 106 4/4 4/4 3/4 3/4 2/4 2/4 1/4 1/4 0/4 100
Cohabitation DMEM 2/2 2/2 2/2 2/2 2/2 2/2 1/2 1/2 1/2 50
Control DMEM 4/4 4/4 4/4 4/4 4/4 4/4 4/4 4/4 4/4 0
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n)

Figure 1: Histopathological =ndings of PRV-infected or control pigs. 2e pictures show representative tissue samples from the PRV-
infected (a–g) and control (h–n) groups stained with H&E, 100x (a and h) and 400x (b–g, i–n). Brains (a, b, h, and i), lungs (c and j), livers (d
and k), kidneys (e and l), lymph nodes (f and m), and tonsils (g and n).
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the distribution of polymorphic sites among the 8 PRVs.2e
changes between the genomic sequences of PRV FJ-2012 and
those of non-China-origin PRV strains are predominantly
substitutions, with a few insertions and deletions. However,
the changes between FJ-2012 and China-origin strains JS-
2012, HeN1, TJ, and ZJ01 are mainly insertions and sub-
stitutions (Figure 5). 2e sequence comparison revealed that
PRV FJ-2012 genomes show great variations with other
PRVs.
To further study the FJ-2012 genome, we compared its

protein-coding regions with those of other viruses using
local BLAST in BioEdit. 2e viruses in the group genotype I
share 100% sequence identity with FJ-2012 for 16 ORFs and
94.7–99.9% identity for 53 ORFs. It is of note that HeN1 only
shares 22.1% sequence identity with other strains on the
protein IE180 due to a frame shift by upstream substitution.
As for European and American strains (genotype II), FJ-2-12
shares 90.8–99.9% sequence identity in 69 ORFs (Table 2).
2e sequence alignment showed that FJ-2012 displayed
extensive variations with previously isolated PRV strains
including Kaplan, Becker, and the vaccine strain Bartha in
most viral proteins, such as glycoproteins, for example, gN
(UL49.5), gC (UL44), gL (UL1), gE (US8), and gB (UL27),
tegument proteins, for example, UL36, UL46, UL16, and
UL13, and nonstructural proteins, for example, IE180 and
UL52 (Figure 5).

4. Discussion

Previous studies suggest that pseudorabies virus (PRV) can
cause serious disease to piglets. 2e mortality rate is up to
100% for infected two-week old piglets with neurologic
symptoms, while that for weaned piglets, the mortality rate
is about 50% [19]. In this study, we tested the pathogenicity
of FJ-2012 using six 28-day-old PRV-free piglets, four of

which were in the challenge group and the other two were in
the cohabit group.2e piglets in the challenge group received
intranasal challenge with 1mL 106.0 50% tissue culture
infecting dose, and those in the cobabit group were inoculated
intranasally with DMEM with the same dose. Unfortunately,
all 4 piglets in the challenge group died on day 8, 10, 12, and 14
post infection (DPI), respectively, and one piglet in the co-
habit group died on 12 DPI (Table 1). 2e clinical symptoms
of the piglets in the challenge group were consistent with
those of typical pseudorabies syndromes including listless-
ness, anorexia, and high fever and respiratory symptoms such
as cough, sneeze, and central nervous system symptoms. In
postmortem and histopathological examinations of dead
piglets, multiple lesion sites were observed in several organs
(Figure 1). 2e =ndings suggest that FJ-2012 strain can cause
severe pathological changes, which are more serious than
previously observed [19].
In general, the virulence of virus and the immune

failure are potentially associated with gene mutations.
Previous surveys have showed that gene variants of iso-
lated viruses contributed to the epidemics of PRV [8–10,
21]. 2erefore, it is important and necessary to further
analyze the genetic variations of the current PR for disease
control and surveillance. Here, we have sequenced the
whole genome of the PRV strain FJ-2012 by a Paci=c
Biosciences RS II sequencer, and the resulting sequences
were assembled, predicted, and annotated of genes. 2e
resulting PRV FJ-2012 genome sequence is 144,873 bp in
length with a high G +C content of 73.5% and contains 70
ORFs.2e analysis of genome variations indicated that the
isolate strain showed high variations with other above-
mentioned strains, including substitutions, insertions,
and/or deletions that occurred in most proteins, revealing
that the PRV strain in southern China is quite di>erent
from previous ones.
Additionally, the main antigen of gB, gC, and gD genes

which induces the neutralization antibody is important for
protecting PRV infection, and the genes of gE, gI, and TK
are related to virus virulence [22, 23]. Our study showed
that FJ-2012 has 96.9–97.4%, 93.1–93.3%, and 97.5–98.0%
sequence identity with the 7 compared strains on gB, gC,
and gD, respectively (see Table S1), while the sequence
identities on gE, gI, and TK are 95.8–96%, 94.2–94.5%, and
99.4–99.7%, respectively. Moreover, the US1 protein,
which functions as an accessory regulatory protein and

Sample processing

Sequencing

De novo assembly

Homology
analysis

Gene
prediction

ORF
inference

Phylogenetic
analysis

Figure 2: Data analysis Kow for FJ-2012 sequence.

Table 2: Comparison of PRV FJ-2012 with other strains.

Genome Kaplan Becker Bartha JS-2012 HeN1 TJ ZJ01
Identity
(%) 91.89 91.44 89.82 96.84 96.82 98.32 94.17

Total
changes 11,893 12,621 14,956 4649 4628 2445 8557

SNP 3759 3724 3789 716 560 206 1025
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interacts with the IE protein to enhance gene transactivation
[20], and the UL36 protein, which is thought to function both
in early infection and in later stages of viral maturation [24],
showed the highest variability between genotype I and II PRV
strains.
2e envelope of PRV virion, glycoprotein N protein, is

encoded by UL49.5 gene, a small O-glycosylated protein
that forms a disul=de-linked complex with gM and
functions in viral immune evasion [25, 26]. In veterinary
varicelloviruses (PRV, EHV-1, and BHV-1), the UL49.5
gene product is an inhibitor of TAP, the transporter as-
sociated with processing antigens into peptides for pre-
sentation by major histocompatibility complex (MHC)
class I molecules at the cell surface [26]. In this study, gN
only shares 87.9% identity with the vaccine strain Bartha
and shares high homology with other Chinese PRV strains
(Table 2, Figure 3). 2e great variations between vaccine
strains and novel Chinese strains might be a potential
source of the novel isolate PRV strains to evade the im-
mune response.

Finally, the apparent genetic relationships among PRVs
and the suUcient genomic variants in the =eld isolate strain
FJ-2012 are identi=ed to distinguish it from 2major genotypes

100

100

100
100
100 TJ

FJ-2012
HeN1

JS-2012
ZJ01

Becker
Bartha

Kaplan

0.002

Figure 4: Phylogenetic comparison of PRVs. 2e sequences were
aligned by Clustal, and the phylogenetic tree was constructed by
MEGA 5.0 software using the neighbor-joining method with
1000 bootstraps. 2e nucleotide substitution model was chosen
to be the Kimura 2-parameter substitution model.
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Figure 3: Genome organization of the PRV FJ-2012 and comparison of sequence conservation with other strains. (a) ORFs (horizontal bars
in azure color) together with internal and terminal repeats (horizontal bars in green color) are depicted along with the genome. (b) Plots
showing sequence conservation among PRV Bartha, Becker, Kaplan, HeN1, JS-2012, TJ, and ZJ01. Gene conservation was determined from
a multiple sequence alignment, and the conservation score between any 2 genomes is plotted in a sliding 100 bp window.
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based on phylogenetic analysis, which might be a factor
contributing to the vaccination failure in a vaccinated farm.

5. Conclusions

Since late 2011, pseudorabies outbreaks have been reported
and spread in many farms in China. However, all novel
isolated PRV genome reports were isolated in northern
China, and there is no systematic research in southern
China. In this study, we observed that the PRV FJ-2012
isolated from Fujian Province, southern China, is highly
pathogenic and has extensive variation in genomic sequence
with the reference PRV. 2is study contributes to the study
of epidemiology and genetic evolution on PRV and lays
a scienti=c foundation for the development of new PR
vaccine.
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