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Abstract: Poplar (Populus X xiaohei T. S. Hwang et Liang) is an excellent model plant, with a known
genome sequence, for studying woody plant developmental processes, such as seed germination.
Here, we report the transcriptional profiling of poplar seeds at five germination stages using RNA-Seq
technology. We focused on identifying biological pathway activity changes during seed germination
and transcription factors that play important roles in different stages. Among the 16 significantly
changing clusters obtained using the STEM method, transcription was significantly enriched in five
different clusters, 8, 21, 25, 27, and 35. The oxidative phosphorylation-related genes were only enriched
in cluster 9, and expression patterns decreased in 6 and 24 HAI, while ubiquitin-dependent protein
catabolic processes were only enriched in cluster 16, and expression patterns increased in 6 HAIL A
weighted mean method analysis determined that most primary metabolism-associated categories,
such as major carbohydrate metabolism, glycolysis, oxidative pentose phosphate, tricarboxylic acid
cycle, lipid metabolism, nucleotide metabolism, amino acid metabolism, and protein metabolism,
were elevated between 6 and 48 h after imbibition (HAI). ATP synthesis and C1 metabolism had highly
active expression patterns between 0.75 and 48 HAI. The photosynthesis category-associated genes
that were identified appeared highly active at 144 HAI The homogenization of transcription factors
in each cluster revealed that the HAP2, C3H zinc finger family, and C2C2(Zn) GATA transcription
factors were present in relatively high numbers in cluster 8, while HAP5, Zn-finger (CCHC), FHA,
and E2F/DP transcription factor families, as well as SNF7, were present in high numbers in cluster 25.
Thus, we identified a series of biological pathway activity changes that occur, and transcription factors
that are active, during poplar seed germination. Moreover, this study provides an integrated view of
transcriptional regulation that can reveal the molecular events occurring during seed germination.

Keywords: poplar; seed germination; RNA-Seq; weighted mean value analysis; biological pathway;
transcription factor

1. Introduction

Most flowering plants reproduce by seed germination. Seed germination is a crucial phase in
the life cycle of higher plants because it disseminates the genetic information necessary for the next
generation of plants to disperse, establish, develop and eventually reproduce to maintain the species [1-3].
Seed germination is a very complicated process, involving a series of molecular, physiological, and
morphological changes during different periods. Seed germination starts with imbibition, when the
seed takes in water from the soil [4]. On the basis of the fresh weight pattern during seed germination,
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the germination process is divided into three periods: Phase I, involving a rapid imbibition of water
until all the matrices and cell contents are fully hydrated; phase II, a period of limited water uptake [5];
and phase IlI, involving an increasing water uptake accompanied by embryo axis elongation and the
breakthrough of the covering layers to complete germination (visible germination) [4-7]. Afterwards,
seeds enter a period of post-germination until the expansion of the first true leaf.

In recent years, seed germination has been studied extensively in a variety of plants, such as
Arabidopsis thaliana, rice and soybean. Girke et al. (2000) [8] studied the Arabidopsis seed germination
process and found approximately 2600 seed-specifically expressed genes. Howell et al. (2009) [9] found
that over 2000 transcripts displayed unique, low-level expression patterns in dry seeds and had expression
peaks at 1 or 3 h after imbibition (HAI). Le et al. (2010) [10] identified 289 seed-specific genes and 48
seed-specific transcription factor (TF) genes. These genes were activated at different developmental
stages, implying potential roles in controlling germination-related stage-specific biological events. In
broccoli (Brassica oleracea L. var. italica Planch.) seed germination, Gao et al. (2014) [11] identified 25
putative glucosinolate metabolism-related genes, which shared 62.04%-89.72% nucleotide sequence
identity with the Arabidopsis orthologs. In particular, the expression level of myrosinase TGG2 after
germination was 20-130 times greater than in dry seeds. However, there are relatively few studies on
the seed germination of woody plants, for example, poplar. Zhang et al. (2015) [12] revealed, using
proteomics, that the germination process of poplar seeds was significantly correlated with energy
dependence, protein synthesis and degradation, and cell defense- and rescue-related pathways. Qu et
al. (2019) [13] revealed patterns of changes in transcription and metabolism during the germination of
poplar seeds and identified some genes that are closely related to primary metabolic changes through a
targeted network correlation analysis. Zhang et al. (2019) [14] performed an integrative transcriptome
analysis of three seed germination phases from P. euphratica and P. pruinosa and identified the specifically
expressed genes in each phase, moreover, they found that the flavonoid and brassinosteroid pathways
were significantly enriched under salinity stresses. There are no reports on TFs and active biological
processes that play key roles in the germination of poplar seeds.

Poplar (Poplar simonii X Poplar nigra) is an excellent woody plant for studies on important
developmental processes because it has a clear genomic sequences and is also a model tree species of
woody plants. In this study, a second-generation digital gene expression profiling technology was used
to study gene expression patterns in poplar seeds on a genome-wide level. The aims of the present
study were to identify biological pathway activity changes during seed germination and to identify TFs
that play an important role during different periods. Moreover, this study provides an integrated view
of transcriptional regulation that can reveal the molecular events occurring during seed germination.

2. Materials and Methods

2.1. Experimental Conditions, Data Collection and Analysis

RNA-Seq raw data were previously collected and stored at the State Key Laboratory of Tree
Genetics and Breeding (Northeast Forestry University). For experimental conditions, data quality,
and other details refer to Qu et al. (2019) [13]. After sequencing, raw data were filtered to remove
adaptor contamination and low quality reads. All clean reads were then mapped to the poplar genome
downloaded from the phytozome website (https://phytozome.jgi.doe.gov/pz/portal.html) using the
BWA-MEM alignment algorithm with default parameters [15]. The mapped reads of each gene model
were extracted using SAMtools modules [16]. The differentially expressed genes (DEGs) were identified
using edgeR with a false discovery rate threshold of less than 0.05 [17]. The gene expression levels
were normalized using the trimmed mean of M-values method [18].

2.2. Clustering of Gene Expression Data

The cluster analysis and visualization of DEGs were achieved using the Short Time-series
Expression Miner (STEM) software with default settings [19].
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2.3. Gene Ontology (GO) Enrichment Analysis

AgriGO is an international standardized plant gene functional classification system that offers a
dynamic-updated controlled vocabulary and a strictly defined concept to comprehensively describe
the properties of genes and their products in plants [20]. To identify the enriched GO terms associated
with DEGs via hypergeometric probability, we applied multiple testing using the p-value. GO terms
with p-value < 0.05 were considered to be significantly enriched.

2.4. MapMan Analysis

MapMan software was used for screening TFs [21]. Similarly, all the functional categories, such as
TF, were also generated based on the software’s analysis.

2.5. Pathway Activity

To study the activity levels of all candidate genes in a pathway, we introduced a measure of the
weighted average expression value, as follows:

PA = 2}71‘”{/27’1 @
1

where PA represents the activity in a pathway; n; represents the number of genes in ith cluster belonging
to a pathway; and p; represents the average expression of the ith cluster.

The average number after homogenization was used to determine the distribution of different
types of TFs in each cluster, as follows:

RATE = Ni/(Q x Ci) )

where RA represents the TF numbers in a pathway in each cluster, Ni represents the number of
members of the same TF group present in the ith cluster, Q represents the total number of TFs in all the
significant clusters; and Ci represents the total number of TFs in the ith cluster.

3. Results

3.1. Cluster Analysis of DEGs

To reveal the variation among the DEGs, a STEM tool was used to cluster and visualize RNA-Seq
expression profiles of 33,338 genes differentially expressed during seed germination at any given time
point in the study (Table S1). STEM generates a series of potential profiles with respect to the direction
and magnitude of expression, after which the enrichment of clusters is determined by comparing the
distributions of observed groups with those expected in a random permutation [19,22,23]. Based on
the expression patterns, profiles were classified into 50 categories. Figure 1 shows the gene expression
profiles for the 16 clusters (clusters 8, 9, 13, 16, 18, 21, 24, 25, 27, 32, 33, 35, 36, 39, 40, and 48) found to
be significant (p-value < 0.05) out of 50 possible clusters. Approximately 8.6% of the total number of
genes clustered belonged to cluster 8, ~4.4% to cluster 9, ~4.2% to cluster 13, ~7.5% to cluster 16, ~3.3%
to cluster 18, ~3.2% to cluster 21, ~2.6% to cluster 24, ~1.8% to cluster 25, ~4.2% to cluster 27, ~2.6% to
cluster 32, ~2.6% to cluster 33, ~3.8% to cluster 35, ~4.8% to cluster 36, ~12.9% to cluster 39, ~2% to
cluster 40, and ~3.4% to cluster 48.

A visual inspection of the clusters revealed clear expression responses for the majority of the genes
during poplar seed germination. The expression patterns of clusters 8 and 39 increased or decreased
during the whole germination process. Clusters 9, 24, 25, 32, and 48 had expression patterns that
increased or decreased in certain stages. Clusters 21, 36, 27, 16, 13, 35, 18, 33, and 40 had expression
patterns with two or more peaks or valleys that increased or decreased during all the germination
stages. Specifically, cluster 21 had valleys at 24 and 144 HAI, while cluster 13 had valleys at 0.75, 6, and
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144 HAL On the contrary, cluster 36 had peaks at 0.75 and 144 HAI, while cluster 27 had peaks at 6 and
144 HAI The complexity of the expression patterns and the high level of clustering suggested that
seed germination is a complex process.
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Figure 1. Poplar transcripts grouped according to temporal expression profiles. Differentially expressed
genes obtained from RNA-Seq transcriptome studies were divided into 16 distinct significant temporal
profiles using STEM software. Each of the profiles is represented in a different plot, having mean
expression ratios (log2) for each of the assigned transcripts at each time point.

3.2. GO Enrichment Analysis

To gain further insights into the biological processes, molecular functions and cellular locations
associated with the observed changes, we performed a GO enrichment analysis for each of the
significant clusters (Figure 2, Table S2). First, we identified a core set of biological processes that were
significantly enriched among the 16 clusters. Some terms were enriched in more than one cluster,
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such as transcription (GO: 0006350), which was significantly enriched in five different clusters, 8,
21, 25, 27, and 35. However, other biological processes appeared to be associated with a certain
expression profile. The oxidative phosphorylation-related genes were only enriched in cluster 9, while
ubiquitin-dependent protein catabolic processes were only enriched in cluster 16. Clusters 32 and 40
did not have any significant enrichment, so they are not shown in Figure 2 nor discussed below. This
indicates that different biological processes have different regulatory patterns, and that there are even
different regulatory patterns within the same biological process during seed germination.

Pvalue 001 1E-20 1E-60

|
9 13 16 18 21 24 25 27 33 35 36 39 48

GO Terms Description I
Biological Process

GO:0006139  nucleobase, nucleoside, nucleotide and nucleic acid metabolic process U]
GO:0006350  transcription
GO:0006412  translation
GO:0006486  protein amino acid glycosylation
GO:0006810  transport
GO:0006811  ion transport
GO:0006812  cation transport -
GO:0007242  intracellular signaling cascade
GO:0007264  small GTPase m d signal transduction
GO:0008610  lipid biosynthetic process
GO:0008653  lipopolysaccharide metabolic process
GO:0006119  oxidative phosphorylation
GO:0006818  hydrogen transport
GO:0022900  electron transport chain
GO:0045333  cellular respiration
GO:0006396  RNA processing
GO:0006399  RNA metabolic process
GO:0006508  proteolysis
GO:0006644  phospholipid metabolic process
GO:0006650  glycerophospholipid metabolic process
GO:0046834  lipid phosphorylation
GO:0001522  pseudouridine synthesis
GO:0006260  DNA replication
GO:0006281  DNA repair
GO:0006457  protein folding
GO:0006511  ubiquitin-dependent protein catabolic process
GO:0006839  mitochondrial transport
GO:0006886  intracellular protein transport

GO:0009101  glycoprotein biosynthetic process
GO:0005976  polysaccharide metabolic process
GO:0006633  fatty acid biosynthetic process

GO:0006631  fatty acid metabolic process
GO:0006826  iron ion transport
GO:0000271  polysaccharide biosynthetic process

GO:0009250  glucan biosynthetic process

GO:0016051  carbohydrate biosynthetic process
G0:0006310  DNA recombination
GO:0006468  protein amino acid phosphorylation -
GO:0007265  Ras protein signal transduction
GO:0032011  ARF protein signal transduction
GO:0032312  regulation of ARF GTPase activity
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GO:0006006  glucose metabolic process

GO:0009772  photosynthetic electron transport in photosystem I1
GO:0006857  oligopeptide transport

GO:0007165  signal transduction

GO:0009765  photosynthesis, light harvesting

GO:0015994  chlorophyll metabolic process
GO:0015995  chlorophyll biosynthetic process

Molecular Function
GO:0003700 transcription factor activi ity
translation initiation factor activity

GO:0008324  cation transmembrane transporter activity
GO:0034062  RNA polymerase activity

GO:0003954  NADH dehydro;
GO:0004842  ubiquitin-protein lig
GO:0016984  ribulose-bisphosphate carboxylase activity
GO:0046906 tetrapyrrole binding

GO:0004812  aminoacyl-tRNA ligase activity
GO:0016791  phosphatase activity

GO:0003746  translation elo
GO:0004175  endopeptidase activity
GO:0003924  GTPase activity
GO:0008171  O-methyltransferase activity
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GO:0005634  nucleus | | I |
GO:0005667  transcription factor complex 1 1

GO:0005783  endoplasmic reticulum |
GO:0005840  ribosome
GO:0030529  ribonucleoprotein complex

GO:0031966  mitochondrial membrane
GO:0033279  ribosomal subunit
GO:0044451  nucleoplasm part
GO:0000151  ubiquitin ligase complex
GO:0009579  thylakoid

GO:0034357  photosynthetic membrane
GO:0005618  cell wall

GO:0000502  proteasome complex
GO:0031980  mitochondrial lumen
GO:0044433  cytoplasmic vesicle part

Figure 2. GO analysis of the differentially expressed genes in each cluster. Using p-value < 0.05 as the
criterion, the overrepresented GO terms (biological process; cellular component; molecular function), in
each cluster were selected using the agriGO analysis tool. The color depth is proportional to enrichment.
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In addition to the most prevalent biological processes of the proteins encoded by the genes in
these expression profiles, the enrichment study also provided an insight into the cellular localizations.
Clusters 8, 9, 13, 16, and 21 are strongly enriched with genes encoding proteins that are targeted to the
ribosome and ribonucleoprotein complex, while clusters 9, 27, and 33 appear to be correlated with the
ubiquitin ligase complex. Cluster 16 is enriched for genes encoding the mitochondrial lumen (Figure 2).
This result indicates that different components of the cell have considerably varied responses during
different periods of seed germination.

The enrichment of molecular functions allowed us to further understand the seed germination
processes that belong to different clusters. Genes encoding RNA polymerase activity-related proteins
were enriched in clusters 8 and 16, while translation elongation factor activity was only enriched in
cluster 16. Helicase activity was enriched in cluster 25, and in clusters 35 and 48, albeit to smaller
extents. The GO terms related to GTPase activity and DNA polymerase activity were enriched in
clusters 21 and 48, respectively (Figure 2).

3.3. Pathway Analyses

To understand the significance of these distinct patterns in transcript abundance changes, three
types of analyses were conducted, with each providing a different insight into the molecular basis of
the germination process in poplar. The first analysis was performed using MapMan tools to determine
which functional categories were found in different significant clusters. The MapMan analysis revealed
that a variety of functional categories were affected during the germination process and many of them
belonged to different clusters. For example, there were 10 genes encoding major carbohydrate (CHO)
metabolism categories in cluster 13, and 6 in cluster 16. There were 42 genes encoding amino acid
metabolism categories in cluster 39, which was more than the number of genes in the other clusters. In
addition, many genes from the same pathway were distributed among multiple clusters, such as genes
encoding mitochondrial electron transport appeared in clusters 8, 9, 13, 16, 21, 33, 36, 39, and 48, and
similar situations were presented for other pathways. This analysis showed that gene regulation, in
the same functional category, has different regulatory modes (Figure 3a).

Second, to measure the proportions of different functional categories in each cluster, the frequency
of transcripts in each functional category was calculated as the number of genes in each cluster divided
by the background gene number (the number of genes in this functional category compared with
the whole poplar genome). The sum of all the frequency values in each cluster was then defined as
100% for homogenization. Thus, we determined the relative proportion of each functional category in
each cluster. We determined that the proportions of major CHO metabolism-, mitochondrial electron
transport/ATP synthesis-, C1-metabolism-, and gluconeogenesis/glyoxylate cycle-associated genes
were relatively high in cluster 8, while the proportions of S-assimilation-, fermentation-, tetrapyrrole
synthesis-, and oxidative pentose phosphate (OPP)-associated genes were relatively high in cluster 18.
Other clustering results are presented in Figure 3b and Table S3.

Third, the transcriptional level expression profile changes in each functional category were
investigated during germination. Here, a weighted average method was used to determine the
transcriptional profiles in each functional category. The results are shown in Figure 3c and Table S4.
The average expression patterns of most primary metabolism-associated categories, such as major
CHO metabolism, glycolysis, OPP, tricarboxylic acid cycle, lipid metabolism, nucleotide metabolism,
amino acid metabolism, and protein, appear elevated between 6 and 48 HAIL Other categories, such as
ATP synthesis and C1 metabolism, showed highly active expression patterns between 0.75 and 48 HAL
The photosynthesis category-associated genes that were found appeared highly active at 144 HAIL This
was not surprising because photosynthesis occurs after the cotyledons have unfolded (Figure 3c).
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Figure 3. Pathway analysis of the differentially expressed genes in each cluster. (a) Pathway analysis
of the type of gene in each cluster. The numbers in the boxes indicate the numbers of genes in the
functional category. (b) The proportions of the numbers of genes in the different functional categories
in each cluster after homogenization. (¢) The average weighting method was used to calculate the gene
expression activity of each pathway.

To gain further insights into the distribution characteristics of different types of TFs in each cluster,
a TF comparative analysis was performed to assess the types and quantities of TFs in different clusters.
As shown in Figure 4, cluster 8 had a relatively high number of HAP2, C3H zinc finger family, and
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C2C2(Zn) GATA TFs while cluster 25 had a relatively high number of HAP5, Zn-finger (CCHC), FHA
and E2F/DP TFs, as well as SNF7.

RA;; 00001 0001 0005
.

BinCode BinName 8 9 13 16 18 21 24 25 27 33 35 36 39 48
27134 ABI3/VP1-related B3-domain-containing transcription factor family
2732 Alfin-like
2/EREBP, APETAL/ ive element binding protein
2733 family
2134 ARF, Auxin Response Factor family
2135 ARR
2136 bHLH,Basic Helix-Loop-Helix family
2137 €2C2(Zn) CO-like
2738 €2C2(Zn) DOF zinc finger family
2139 C2C2(Zn) GATA transcription factor family

27340 C2C2(Zn) YABBY family

2131 C2H2 zinc finger family

21342 C3H zinc finger family

273144 CCAAT box binding factor family, HAP2
21345 CCAAT box binding factor family, HAP3
21.3.46 CCAAT box binding factor family, HAPS

271347 CPP1-related transcription factor family'
27348 E2F/DP transcription factor family

21320 G2-like transcription factor family, GARP
21321 GRAS transcription factor family

21322 HB,Homeobox transcription factor family
21323 HSF Heat-shock transcription factor family
27.3.24 MADS box transcription factor family
21325 MYB domain transcription factor family
271.3.26 MYB-related transcription factor family
213271 NAC domain transcription factor family

27329 TCP transcription factor family

27330 Trihelix, Triple-Helix transcription factor family
21332 WRKY domain transcription factor family
271335 bZIP transcription factor family

21337 AS2,Lateral Organ Boundaries Gene Family

27.340 Aux/IAA family

27341 B3 transcription factor family

271.348 FHA transcription factor

27349 GeBP like -
21.355 HAD

21357 JUMONJI family

27.3.60 NIN-like bZIP-related family
27363 PHD finger transcription factor
27.364 PHOR1

27.3.66 Psudo ARR transcription factor family :-

27.369 SET-domain transcriptional regulator family
27131 SNF7

27373 Zn-finger(CCHC)

27.3.80 zf-HD

Figure 4. Presence of transcription factors in each cluster. The color depth indicates the abundance of
transcription factors of different classes in the clusters.

4. Discussion

This study provided a comprehensive profile of the transcriptome during seed germination in the
woody model plant poplar and used the weighted mean method to determine the activity changes in
the related biological pathways at the transcriptional level. In addition, a uniform number of TFs in each
cluster allowed us to understand which TFs are more important in a cluster. Unlike previous studies,
we mainly focused on two aspects. First, the activity changes in a certain pathway during the different
stages of seed germination using different clusters were determined. The weighted mean algorithm
was used to eliminate deviations in expression patterns and differences in gene numbers from different
clusters. Second, DEGs with a statistical difference of p < 0.05 were defined as significantly different.
There was no requirement that the expression multiple be greater than two to avoid missing some
significant DEGs. These two foci of the activity changes are different from those of previous studies.

MapMan was used to annotate genes in different clusters. The MapMan analysis revealed that
biological pathway-related genes are located in different clusters and the distribution number varies.
To measure the transcriptional trend of a biological pathway during the germination of poplar seeds,
we used a weighted average method to compare the expression levels of genes from the same biological
process in different clusters. The results are shown in Figure 3c. Many primary metabolism-related
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biological pathways, such as major CHO metabolism, glycolysis, OPP, tricarboxylic acid cycle, lipid
metabolism, amino acid metabolism, nucleotide, and protein, showed increasing trends between 6 and
48 HAI We believe that this period is the most active transcriptional stage of poplar seed germination.
The OPP pathway is closely related to seed germination [24,25]. In Pinus laricio, the OPP pathway
is inhibited in seeds that were exposed to phenol [26]. In Arabidopsis, the 6-phosphate-glucose
dehydrogenase) and 6-phosphogluconate dehydrogenase activities in the OPP pathway increased
during germination until radicle protrusion [27], and OPP-related transcripts were overrepresented at
the first hour of imbibition [28]. In our study, OPP-related gene expression was very high between 6 and
48 HALI therefore, we speculate that the OPP pathway is very important to poplar seed germination.
TFs play an important role during different stages of poplar seed germination, and five TF types
are specifically expressed during certain germination stages. However, no closely related transcription
factors were found in other stages of poplar seed germination [13]. In this study, the TF families that
underwent significant changes during the germination processes of poplar seeds are shown in Figure 4.
We used the homogenization mean method to determine their proportions in different clusters. Periods
of high expression were discovered based on the cluster expression patterns. We found that there are
more alfin-like, HAP5, Gebp, and HAP2 TFs in clusters 9, 25, 35, and 8, respectively. These TFs were
not previously associated with the germination of poplar seeds. We speculate that these transcription
factors should play an important role in the clusters to which they belong, and play an important
role in regulation during the period of high expression of the cluster. This study revealed a more
comprehensive list of TFs that function during the different stages of poplar seed germination.

5. Conclusions

In conclusion, poplar seed germination is a very complex process in which significant changes of
various macromolecular substances, such as mRNAs, occur. Our study provides important insights into
the dynamic changes in transcript levels and reveals the biological processes that play an important role
in each stage of seed germination. We also provide candidate TFs involved in poplar seed germination.
The results lay a foundation for further research elucidating the molecular mechanisms of poplar
seed germination.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/8/664/s1,
Table S1: Differential gene IDs and their expression levels during poplar seed germination processes. Table S2:
Gene ontology entries significantly enriched for each cluster and their p-values. Table S3: Relative proportions of
functional categories in each cluster. Table S4: Weighted average method used to determine the transcriptional
profiles in each functional category.
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