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Abstract: Liriodendron is a Tertiary period relic tree genus with a typical East Asian and North
American disjunction distribution pattern. As an angiosperm base group of trees, Liriodendron
provides a valuable resource for the study of evolution processes. Here, we reconstruct the phylogeny
and population genetic structure of Liriodendron based on the restriction site-associated DNA
sequencing (RAD-Seq) of a wide collection of individuals from 16 populations. Our results reveal
a clear phylogenetic break between L. chinense and L. tulipifera and obvious genetic divergence
between the eastern and western populations of L. chinense, which are consistent with the patterns of
geographical distributions. The phylogeographic history and long-term geographical isolation of the
genus may be responsible for this pattern. Furthermore, a closer relationship was found between
L. tulipifera and the eastern populations of L. chinense, indicating the ancient phylogeny of L. chinense
in this area. The results of this study will aid in the development of scientific strategies for the
conservation and utilization of the Liriodendron germplasm.
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1. Introduction

East Asian and North American disjunction is a long-term concern [1-5]. As a relic tree genus,
Liriodendron (Magnoliaceae) was once widespread in the Northern Hemisphere and comprised several
species in the Cretaceous and Tertiary periods [6]. However, the intercontinental disjunction of
Liriodendron in the Northern Hemisphere appears to have occurred since the middle Miocene (ca.
14.15 million) [7], when the climate converted from the warmer Oligocene to the colder Pliocene [8].
The Liriodendron now consists of two deciduous tree species with a typical East Asian and east North
American disjunction: Liriodendron chinense (Hemsl.) Sargent and Liriodendron tulipifera L. L. chinense
is native to subtropical China and north Vietnam and is an endangered species with several small
isolated populations due to its low percentage of seed setting and seed germination rate, as well
as the prevalence of anthropogenic disturbances [9,10]. In contrast, L. tulipifera is predominantly
distributed in the east of the Mississippi river, from the gulf coast to southern Canada, and is a major
reforestation species in the USA [6,11,12]. Although these two species are geographically isolated by
the Pacific Ocean, they are morphologically similar and cross-fertile [13]. The Liriodendron was pivotal
to the evolution of flowering plants [14]. It is an ideal plant for population genetics and phylogenetic
studies [15].

The phylogenetic and genetic diversity of Liriodendron have fascinated many researchers.
For example, Parks and Wendel detected an obvious phylogenetic split within Liriodendron [8]. A survey
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of flavonoid extracts and genetic isozymes indicated that the two Liriodendron species diverged from
a presumed common ancestor [6]. For L. tulipifera, a significant south-north genetic divergence was
frequently found between the Florida Peninsula and continental North America. L. tulipifera survived
in these two distinct refugia during the glacial advances of the Pleistocene. For example, the restriction
site variation of chloroplast DNA (cpDNA) in 64 populations suggests genetic divergence between
Florida and North Carolina-based populations of L. tulipifera [12], which was further confirmed by a
survey of 55 populations based on three cpDNA sequences [16]. Moreover, apart from the isolated
Florida “peninsular” group and the widespread Appalachian “upland” group, an investigation of
50 populations from its entire range also found a diverse “intermediate” group from the southeastern
coastal plains based on allozyme variation of L. tulipifera [17].

These studies showed a drift in the phylogenetic pattern of Liriodendron and revealed a clear
genetic divergence pattern for L. tulipifera. Nevertheless, due to the difficulties in the sampling of
L. chinense, the previous phylogeny studies of Liriodendron have been biased towards L. tulipifera [8,12].
Relevant studies of L. chinense are currently underway. For example, Li et al. [18] assessed the genetic
diversity and differentiation within natural populations of L. chinense by simple sequence repeats (SSRs)
and showed high genetic diversity but limited gene flow among these populations [18]. Yang et al. [19]
investigated the genetic diversity and the phylogeographic pattern of L. chinense based on nuclear
simple sequence repeat (nSSR) and chloroplast simple sequence repeat (cpSSR) markers and reported
the multiple isolated mountain refugia within the whole range of L. chinense.

However, geographically limited sampling or limited markers have reduced the informative
value of these efforts; hence, the application of a large set of genetic markers from the whole
genome, such as single nucleotide polymorphisms (SNPs), which have high throughput efficiency and
abundance, is necessary. Yet, the size and complexity of the Liriodendron genome (about 1.57 G) [20] has
increased the cost and efficiency of SNP development. A next-generation sequencing approach, termed
RAD-Seq (restriction site-associated DNA sequencing), can successfully detect large genome-wide
SNPs even without a reference genome [21-23]. Furthermore, the analyses based on RAD-Seq
usually achieve better results in terms of statistical estimates than analyses using limited sequences
of mitochondrial DNA (mtDNA) or nuclear DNA (nDNA). For example, RAD-Seq has been used
to identify agronomically important genes in breeding for crops such as maize [24] and rice [25].
The results of RAD-Seq can be used to infer the origin of the arctic-alpine genus Cassiope (Ericaceae) [26]
and to clarify the evolutionary relationships in bee orchids [27], and it can also provide a robust
phylogenetic hypothesis for variously related taxa of Ohomopterus ground beetles [28], unambiguously
resolved phylogenetic relationships among recalcitrant taxa of Paragorgia [29], and clear relationships
of the Nyssa sylvatica complex [30]. In the present study, we applied RAD-Seq to investigate the genetic
structure within Liriodendron and explored the phylogenetic relationships within this intercontinental,
discontinuous genus. This involved a wide collection of individuals from 16 populations of Liriodendron,
with particular focus on L. chinense. We aimed not only to determine the genetic structure within
the Liriodendron genus, but also to elucidate the phylogeny relationships especially within L. chinense.
The results of this study will aid in the development of scientific strategies for the conservation and
utilization of Liriodendron breeding.

2. Methods and Materials

2.1. Sample Collection

Sixteen Liriodendron populations have been maintained in Fenyi, Jiangxi Province, China, since
1991 (Figure 1, Table S1). Of these, four are L. tulipifera populations, originating from Missouri,
Louisiana, South Carolina, and North Carolina in the USA and obtained from the World Bank’s project
management center of China’s forestry department in 1990. Twelve are L. chinense populations that
were collected across the natural distribution in China, with six populations each from the eastern
and western regions. The spatial distance between each individual was >50 m in order to reduce the



Forests 2019, 10, 13 30f13

probability of closely related samples. Fresh leaves from each individual were immediately frozen in
liquid nitrogen and stored at —80 °C in November 2014.
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Figure 1. Geographical distribution of the plant materials. Solid dots indicate the populations that
were collected worldwide, and the red dashed line represents the line that divides the eastern plains
region and the western foothills region, which we used to divide the Eastern and Western China groups.
Populations in the Eastern and Western China groups are indicated by blue and green dots, respectively.

2.2. RAD Sequencing, Reads Clustering, and SNP Calling

Genomic DNA was extracted using the cetyltrimethylammonium bromide (CTAB) method [31].
The concentration of DNA was determined using an ND-2000 spectrophotometer (NanoDrop,
Wilmington, DE, USA) and diluted to 25 ng/uL. The RAD library was processed according to
Baird et al. [32]. EcoRI was selected to cut the genomic DNA. Paired-end (125 bp) sequencing was
performed with Illumina HiSeq2500 (Illumina, San Diego, CA, USA).

Stacks 1.44 [33] was implemented to preprocess the raw data. Raw sequence reads were
demultiplexed, and only those reads with an unambiguous RAD site and the correct barcode were
retained. All nucleotides with Phred quality score <20 were defined as “N”s, and any paired reads
with a number of “N”s >10% were removed from further analyses. The reads were clustered into
read tags (hereafter, RAD-tags) by sequence similarity using cd-hit-est version 4.6.8 [34] to reduce
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redundancies in quality-filtered read files (main parameters: -c 0.95 -n 10), allowing for a maximum of
three mismatches. To obtain a reference genome, the reads of the population of Liping in Guizhou
Province were used to generate consensus reduced genome sequences using VelvetOptimiser 2.2.5 [35]
based on reads-clustering results (main parameters: -s 23 -e31 -x4). For each individual, reads were
aligned to the reference genome using the Burrows—Wheeler alignment tool version 0.5.9 [36] with
parameters “mem -t 4 -k 32 -M”. To obtain high-quality SNPs, the mapping quality score was set at
>20 in SAM tools 1.8 [37]; only the base quality at this position passed the rank-sum test (p > 0.05),
and those with no more than two haplotypes were retained. Finally, we retained a coverage depth of
the SNP from 4 x to 1000 %, and the sites with <10% missing data were used for further analysis.

2.3. Phylogeny Construction

A neighbor-joining phylogenetic tree was constructed based on the p-distances between different
populations. The p-distance between two individuals, i and j, was defined as:
d
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where L is the length of the high-quality SNP regions, and the given alleles are A/C at position /, dl(]l )
was set to 0 if the two individual genotypes were AA and AA; it was set to 0.5 if the two individual
genotypes were AA and AC or AC and AC, and 1 if the two individual genotypes were AA and CC.
The pairwise genetic distance based on the results of RAD-Seq was compared by f-tests and one-way
ANOVAs in SPSS 13.0 (SPSS Inc., Chicago, IL, USA). The phylogenetic tree was constructed based on

the distance matrix, calculated with PHYLIP 3.69 software [38].

2.4. Genetic Structure Analysis

We divided the Liriodendron populations into three groups based on their geographic locations:
North America (NA), Eastern China (EC), and Western China (WC). All of the L. tulipifera populations
were in the North America group, with the L. chinense populations being allocated to the two China
groups. The Eastern and Western China groups were defined by the division of the western foothills
region of China and the eastern plains of China, which is quite consistent with its geographical
distribution pattern [10].

The isolation by distance (IBD) pattern was tested by regressing the genetic distance (estimated by
the p-distance between different populations) against the natural logarithm of surface geographic
distances in GenAlEx 6.5 [39] with 1000 matrix randomizations.

A principal component analysis (PCA) was performed with population-scale SNPs according to
the procedure reported by Patterson et al. [40]. The eigenvector decomposition of the transformed
genotype data was conducted using the eigen function in R, and the eigenvector significance was
calculated with the Tracey-Widom test, which was implemented in the program twstats in the software
EIGENSOFT 4.2 [40]. Furthermore, we investigated the population structure with Frappe software
1.1 [41], which allows for uncertainty in ancestral allele frequencies using SNP data with the maximum
likelihood approach and the expectation-maximization algorithm. To explore the convergence of
individuals, we predefined the number of genetic clusters from K = 2 to K = 5. The maximum iteration
of the expectation-maximization algorithm was set to 10,000 in the Frappe analysis.

To identify genetic boundaries where genetic variation patterns changed abruptly, we computed
the first three barriers by implementing the Monmonier maximum difference algorithm in BARRIER
2.2 [42].
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3. Results

3.1. Sequencing Data Quality and Processing

The RAD sequencing generated 142,708,202 clean reads after quality filtering. The number of
reads for each individual varied from 6,092,430 to 10,341,630 (Table S2). This variation was much
smaller than in non-model species using RAD, such as bottle gourd [21] and Orestias fishes [43], which
suggested a uniform quality and quantity for the input DNA. Unlike some RAD-based studies [21,43],
the sequencing depth of each population was similar after grouping RAD reads into RAD-tags and
ranged from 5.53 x (Shucheng_Anhui) to 8.15x (Hefeng_Hubei). The SAM tools detected 163,703 to
393,215 unique SNPs in each population, which were used for further analyses (Table S2).

3.2. Phylogenetic Analysis

The genetic distance between L. tulipifera and L. chinense was the largest (0.452-0.498, Table 1, see
details in Table S3) and was significantly higher than that within the two species (p < 0.01). We also
found a high genetic distance between the EC and WC L. chinense groups (0.157-0.193, average 0.177).
The genetic distance within L. tulipifera (0.121-0.135, average 0.127) was parallel to that within the
EC L. chinense group (0.105-0.144, average 0.130), while both were significantly lower than the WC
L. chinense group (0.153-0.172, average 0.161, p < 0.01). The WC L. chinense group showed a closer
relationship with L. tulipifera than the EC group (genetic distance 0.465 vs. 0.486, p < 0.01, Table 1 and
Table S3). The population from Liping (WC) showed the largest genetic divergence with L. tulipifera
(0.490-0.498), and the population from Lushan (EC) showed the closest relationship with L. tulipifera
(0.452-0.460) (Table S3).

To clearly reveal the genetic relationships between the studied populations, the average genetic
distances were used to construct a neighbor-joining phylogenetic tree (Figure 2). Sixteen Liriodendron
populations were divided into two distinct clades. The first clade included 12 L. chinense populations,
which were further separated into two sub-clades: six EC populations (blue) and six WC populations
(green). The other clade (red) contained four L. tulipifera populations from North America.
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Figure 2. Neighbor-joining phylogenetic tree of Liriodendron based on all single nucleotide
polymorphisms (SNPs), with the evolutionary distances measured by p-distances with PHYLIP.
The populations from different geographic locations were colored as red (North America), blue (Eastern
China), and green (Western China).
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Table 1. Pairwise genetic distances between three regions of Liriodendron based on the results of
restriction site-associated DNA sequencing (RAD-Seq).

Group Eastern China Western China North America
Eastern China 0.1302 0.177 0.465
Western China 0.161b 0.486 ©
North America 0.127 2

#7¢: Duncan’s group in one-way ANOVA tests.

3.3. Population Structure Analyses

6 of 13

A significant correlation between the pairwise genetic distance and the natural logarithm of the
surface geographic distances was detected by the Mantel test (Mantel = 0.820, p = 0.001, Table 2),
indicating a significant effect of isolation by distance (IBD) in the Liriodendron genus. We also identified
a significant IBD effect in L. chinense as a whole (r = 0.566, p = 0.002) and in the EC group (r = 0.564,

p = 0.006), but this was not detected in the WC group (Mantel r = —0.165, p = 0.439, Table 2).

The results of the principal coordinate analysis (Figure 3) were consistent with the neighbor-joining
tree. All populations were divided into two groups, North America and eastern Asia, in the first axis,
and then the EC and WC groups were clearly separated in the second axis. The two China groups
seemed to be more dispersed (Figure 3), indicating higher genetic divergence.
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Figure 3. The principal coordinate analysis of Liriodendron populations using all identified SNPs as
markers. The icon for each population was colored as red (North America), blue (Eastern China), and
green (Western China).
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Table 2. Results of the Mantel test of the genetic distance versus the geographic distances.

Group r p
Liriodendron 0.820 0.001
L. tulipifera 0.311 0.290
L. chinense 0.566 0.002
Eastern China 0.564 0.006
Western China —0.165 0.439

Furthermore, we performed a population structure analysis using Frappe software, which
estimates the individual ancestry and admixture proportions under an assumed K (the number
of populations). We analyzed the data by increasing K from 2 to 5 (Figure 4). When K = 2, we detected
a major division between the populations of North America and East Asia. For K = 3, the eastern Asia
populations were further separated into the EC and WC groups. For K = 4, the population of Liuyang,
located in the central region (Figure 1), split from the EC cluster. When K = 5, another population
(Shucheng) located in the central region further separated from the EC cluster. Population clusters
matched well with the groupings revealed by the phylogenetic tree (Figure 2) and were quite consistent
with the geographical distribution pattern (Figure 1).
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Figure 4. Population structure of Liriodendron using Frappe software 1.1. Each color represents one
cluster. Each population is represented by a vertical bar, and the length of each colored segment in
each vertical bar represents the proportion contributed by ancestral populations.
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The results of the BARRIER test (Figure 5) identified the first genetic barrier between North
America and eastern Asia, and the second genetic barrier between EC and WC (b). The third barrier
isolated the Liping populations in Guizhou Province from other L. chinense populations (c).

L
.
Louisana
L]
South Carolina

Figure 5. The first three genetic barriers in Liriodendron projected by BARRIER 2.2. The red lines with

:
Youyang 55

two opposite arrows indicate the barriers (a—c).

4. Discussion

4.1. The Extensive Genetic Divergence in Liriodendron

Parks and Wendel suggested that the two Liriodendron species are considerably genetically
differentiated; they shared the lowest genetic identity for a pair of sexually compatible species based
on allozyme data and plastid genomes [8]. In the present study, we also found a significant genetic
divergence in Liriodendron using RAD sequencing data. All of the sampled Liriodendron populations
could be clearly separated into two groups (Figure 2) in agreement with their phenotypes and natural
geographical isolation.

Liriodendron tulipifera has previously been thought to harbor higher genetic diversity and stronger
genetic divergence than its sister counterpart [8]. Nevertheless, in contrast to previous reports, we
found a larger genetic differentiation within L. chinense than L. tulipifera. This might largely be
attributed to the scattered distribution pattern of L. chinense [10] induced by limited gene flow among
natural populations [18] and the dispersed multiple mountain refugia [19], whereas L. tulipifera is
a common and abundant tree plant throughout the majority of the southeastern United States [6].
Furthermore, the high climate and topography heterogeneity may be responsible for both the species
and phylogenetic diversity being greater in eastern Asia than in eastern North America [5]. However,
we must consider that L. chinense was more widely sampled and covered most of its natural distribution
region, while the L. tulipifera populations were mainly collected from the “upland” group in the present
study, whereas Parks et al. collected the L. tulipifera data from a much wider geographical area than
the L. chinense data set [17].

4.2. Demarcations between Eastern and Western China for L. chinense

Compared with the obvious south and north divergence in L. tulipifera, a clear demarcation
between the eastern and western Chinese populations of L. chinense was identified in the present
study (Figures 2-5). Hao proposed a “one belt and five islands” model to describe the geographic
distribution pattern of L. chinense, emphasizing the fragmented distribution pattern in EC and the
relatively continuous habitat in the WC [10]. Coincidentally, a significant correlation between genetic
and geographical distances was confirmed throughout the whole range of L. chinense by our present
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research (Table 2) and by Li et al. [18]. Furthermore, we also identified a significant “isolation by
distance” pattern in EC, where the L. chinense was sparsely distributed, indicating long-term spatial
isolation and limited gene flow within EC, partially suggesting different genetic patterns between the
EC and WC groups. Although not obvious, the genetic divergence of L. chinense between EC and WC
was first noticed by Yang et al. using eight nSSR markers for 29 populations [19]. In the present study, a
clear distinction and genetic barrier was found between the EC and WC groups of L. chinense (Figure 5).
Moreover, from the EC to WC, there are large plains and obvious altitude changes bounded by the
Wu Mountains, Wuling Mountains, and Yungui Plateau (Figure 1), presenting a natural geographic
barrier. In addition, Hao et al. also showed that long-term reproductive isolation occurred between the
EC and WC populations [10]. Taken together, these results suggest a clear demarcation between the
populations of L. chinense.

Nevertheless, we must point out the existence of divergence in the southern range limits of
L. chinense in some studies; for example, Li et al. suggested a variety of L. chinense in southern Yunnan
Province [18]. Compared with the divergence of L. tulipifera in Florida caused by the phylogeographic
history and local conditions [12,16,17], we argue that local adaptation and limited gene flow may
largely account for the southern divergence of L. chinense. Firstly, this area is a tropical region, while a
subtropical climate is present in most of the distribution regions. As has always been noticed, many
deciduous species become almost evergreen in this tropical region, including L. chinense. Secondly,
in our common garden experiments in Nanchang of Jiangxi Province (28.374° N, 116.019° E), we
found that the young brunches of L. chinense in southern Yunnan populations were always green,
even during the winter, while other L. chinense populations were brown, and L. tulipifera was dark
brown. Different climate types may lead to special selection pressures on southern Yunnan populations.
Accordingly, the local adaption of L. chinense along the latitude and climate gradients has been shown
in L. chinense [44], and the Liriodendron tree in southern Yunnan Province showed probable genetic
divergence when investigated by 14 potentially functional associated Expressed sequence tag—simple
sequence repeat (EST-SSR) markers [18], whereas a previous phylogeographic study [19] and the
present RAD-Seq results suggest that the southern Yunnan populations are genetically consistent with
other western populations.

We argue that the results of RAD-Seq may reflect a neutral evolution history of Liriodendron,
and the genetic demarcations between the EC and WC L. chinense populations suggest a background
genetic structure inherited from its long history. The east-west demarcation pattern in L. chinense is also
supported by phylogeographic study [19]. Furthermore, a recent study on 40 populations of L. chinense
revealed an east-west split over the whole range of L. chinense using three cpDNA fragments [45]; this
is coincidently consistent with the present results revealed by RAD-Seq data from the whole genome.
Meanwhile, the distinct demarcation between EC and WC in L. chinense corresponds well with its
geographic distribution pattern (c.f. [10]).

4.3. Genetic Relationship within Liriodendron

We found a significantly closer relationship between L. tulipifera and the WC group of L. chinense
than with the EC group (Table 1 and Table S3). Although this is in conflict with previous knowledge
supported both by the isoperoxidase [46] and leaf phenotype [10], we argue that the present markers
of RAD-Seq from the whole genome of Liriodendron may provide more information than the previous
isoperoxidase results, and the general pattern of leaf shapes still varies in both EC and WC. For example,
the leaves from the Hefeng population (Figure 6B) in WC are a typical L. chinense type (Figure 6A),
different to L. tulipifera (Figure 6D). Furthermore, the Liuyang population from the EC group has a foliar
shape with the typical foliar character of both L. chinense and L. tulipifera. Populations from Liuyang,
located in the Luoxiao Mountains, a relatively central region of L. chinense (Figure 1), formed a separate
group when all of the Liriodendron populations (NA, WC, EC) were further divided (K = 4, Figure 4).
This mountain region was previously reported to be an important glacial refugia for L. chinense, and
populations there have a close relationship with L. tulipifera [19]. We also found the EC of L. chinense to
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be closely connected with L. tulipifera, as revealed by three cpDNA fragments [45]. Furthermore, the
results of the RAD-Seq data aided in the classification and delineation of taxa with high morphological
similarities and complex morphological variation [30]. Hence, the closer relationship between the EC
group of L. chinense and L. tulipifera revealed by the present RAD-Seq data may also reflect its more
ancient phylogeny relationship with L. tulipifera.
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Figure 6. Leaf shape variation in juvenile foliage of Liriodendron. The leaf shapes of L. chinense (A);

Hefeng, Hubei population (B); Liuyang, Hunan population (C); and L. tulipifera (D).
5. Conclusions

The analyses from the RAD-Seq data provided an effective strategy for phylogenetic research
and the genetic structure investigation of Liriodendron, which has large and complex genomes but
lacks reference genomes. Our results revealed a clear split between the two species of Liriodendron,
and obvious genetic divergence between the eastern and western populations in L. chinense, a finding
consistent with its geographic distribution pattern. We argue that the divergence in Liriodendron was
induced by the phylogeographic history and further shaped by long-term geographical isolation.
A closer relationship was found between L. tulipifera and the eastern populations of L. chinense,
implying that the ancient origin of L. chinense was likely in the eastern China region. Collectively, the
genomic information together with previous information will be beneficial for developing scientific
strategies for the conservation and hybridization breeding of Liriodendron and for accelerating the
utilization of the Liriodendron germplasm.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1999-4907/10/1/13/s1,
Table S1: Locations of the 16 Liriodendron populations, Table S2: Summary statistics for all the populations of
RAD-Seq data processing, Table S3: Pairwise comparisons of genetic distance among sixteen populations of
Liriodendron as measured by p-distance.
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