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Abstract
Adenosine triphosphate (ATP) is produced at the early stage of seed germination and provides the energy for metabolism. 
The source of ATP in seeds may be Perl’s pathway, but this has not yet been confirmed. In this study, using germinating 
seeds of poplar as the experimental materials, the transcript levels of genes related to Perl’s pathway were determined by 
real-time PCR. The activities of enzymes in Perl’s pathway were also determined. The results were verified by comparison 
with RNA-Seq and metabolomics data. The results showed that there were high transcript levels of some genes encoding 
malate dehydrogenase (MDH), phosphoenolpyruvate carboxykinase (PEPCK), pyruvate decarboxylase (PDC), alcohol dehy-
drogenase (ADH), and pyruvate kinase (PK) at the early stage of germination (0.75 h). The enzymes MDH, PEPCK, PK, 
PDC, and ADH showed peaks in activity at around 0.75 h and 6 h during germination. The oxaloacetate concentration was 
high in poplar seeds at the early stage of germination. This study provides experimental data showing that Perl’s pathway 
participates in supplying energy during the early stages of poplar seed germination, and lays the foundation for further stud-
ies on the complex metabolic processes that function during seed germination.

Keywords Poplar seed germination · ATP content · qRT-PCR · RNA-Seq · Enzyme activity · Metabolite change

Introduction

Seed germination is a complex process involving a series 
of changes at morphological, physiological, and molecular 
levels (Bewley 1997; Finch‐Savage and Leubner‐Metzger 
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2006; Han and Yang 2015; Holdsworth et al. 2008; Koorn-
neef et al. 2002; Steinbrecher and Leubner-Metzger 2016; 
Weitbrecht et al. 2011). These changes start at imbibition 
and continue until the hypocotyl breaks through the seed 
coat (Nonogaki et al. 2010; Rajjou et al. 2012). According 
to the change in fresh weight after soaking seeds, seed ger-
mination can be divided into three phases: the rapid water 
absorption period, the slow water absorption period, and the 
hypocotyl elongation period (Bewley 1997; Koornneef et al. 
2002; Weitbrecht et al. 2011). The seed germination stage is 
the starting point of the life cycle, and it requires energy to 
meet its metabolic demands (Koornneef et al. 2002; Stein-
brecher and Leubner-Metzger 2016).

A few minutes after seed germination begins, there is a 
sharp increase in oxygen uptake and carbon dioxide release, 
and the adenosine triphosphate (ATP) content begins to 
increase rapidly (Benamar et al. 2008; Bewley 1997; Botha 
et al. 1992; Spoelstra et al. 2002). Analyses of the Arabidop-
sis transcriptome during seed germination have suggested 
that glycolysis, fermentation, the tricarboxylic acid (TCA) 
cycle, and the oxidized pentose phosphate pathway (OPPP) 
are activated during germination (Weitbrecht et al. 2011). 
Other studies have revealed that many enzymes involved in 
major metabolic pathways play important roles in germi-
nating seeds (Fu et al. 2005; Gallardo et al. 2001; Muller 
et al. 2009; Smiri et al. 2009; Wakao et al. 2008). However, 
mitochondria in dried seeds require repair and differentiation 
before they can produce ATP through the oxidative phos-
phorylation pathway. The process of mitochondrial repair 
and differentiation requires energy, but ATP is scarce in 
dry seeds. Therefore, there must be another source of ATP 
before mitochondria are repaired. Perl (1986) hypothesized 
that pyruvate kinase produces pyruvate from phospho-
enolpyruvate, thereby producing ATP and that oxaloacetate 
and malate are substrates for phosphoenolpyruvate produc-
tion. It was proposed that NADH provides the reducing 
power required for this process and that the NADH levels are 
balanced by the activities of nicotinamide adenine dinucle-
otide dehydrogenase (NADH-DH), malate dehydrogenase, 
and alcohol dehydrogenase (Perl 1986). This hypothesis has 
been explored in subsequent studies, but there is still little 
experimental evidence to support it.

Poplar is a model woody plant. Because it is easily 
propagated asexually, there are relatively few studies on 
the molecular mechanism of sexual reproduction in this 
species. However, several recent studies have explored 
the molecular mechanism of seed germination in pop-
lar. Zhang et al. (2015) conducted a proteomics analysis, 
which showed that the germination process of poplar seeds 
is significantly correlated with energy dependence, protein 
synthesis and degradation, and cell defense- and rescue-
related pathways (Zhang et al. 2015). Qu et al. (2019b) 
monitored changes in gene transcription and metabolism 

during poplar seed germination and identified some genes 
that were closely related to changes in primary metabolism 
through a targeted network correlation analysis (Qu et al. 
2019b). Qu et al. (2019e) used a weighted means method 
to detect changes in primary metabolism and identified 
which transcription factors were most relevant during parts 
of the germination period (Qu et al. 2019e). In another 
study, metabolomic methods revealed the metabolites 
showing significant changes in abundance at different 
stages of seed germination (Qu et al. 2019c). Zhang et al. 
(2019) performed an integrative transcriptome analysis of 
Populus euphratica and Populus pruinosa at three seed 
germination phases and identified specifically expressed 
genes at each phase. In addition, they found that the fla-
vonoid and brassinosteroid pathways were significantly 
enriched under salinity stress (Zhang et al. 2019). How-
ever, the source of energy to fuel these metabolic pro-
cesses is unknown.

In this study, we focused on changes in energy produc-
tion during the early stage of poplar seed germination. 
The expression patterns of genes related to Perl’s pathway 
were detected by quantitative real-time PCR (qRT-PCR), 
and changes in the activities of enzymes and abundance 
of metabolites in Perl’s pathway were detected. This study 
provides evidence that Perl’s pathway is the main source of 
energy at the early stage of poplar seed germination, and 
provides information about the molecular mechanisms of 
poplar seed germination.

Materials and methods

Plant materials and treatments

We selected seeds produced in the same year from supe-
rior poplar trees (Populus × xiaohei T. S. Hwang et Liang) 
growing in the greenhouse of Northeast Forestry University 
(Harbin, Heilongjiang, China). The seeds were placed in a 
Petri dish with filter paper and kept at a constant temperature 
of 25 °C in the dark. After removing the surface moisture 
using absorbent paper, 50 seeds were taken out to measure 
fresh weight. According to fresh weight and morphological 
changes after water absorption, The poplar seed germina-
tion process was divided into a rapid water absorption stage, 
a slow water absorption stage, and a hypocotyl elongation 
stage. In this study, we selected 0.75 h as the time repre-
sentative of the rapid water absorption stage, 6 h as the time 
representative of the slow water absorption stage, and 24 h 
as the time representative of the hypocotyl elongation stage. 
Seeds at 0 h of germination served as the control. After col-
lection, samples were quickly wrapped in tin foil, frozen in 
liquid nitrogen, and then stored at − 80 °C until analysis.
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RNA isolation and qRT‑PCR analysis

Frozen tissue samples (0.1 g) were ground into a fine pow-
der in liquid nitrogen and total RNA was extracted using a 
total RNA isolation kit (Tiangen, Beijing, China). Extracts 
were treated with DNase I to remove residual genomic DNA. 
The cDNAs were synthesized using the PrimeScript™ first-
strand cDNA synthesis kit (Takara, Dalian, China) accord-
ing to the manufacturer’s instructions, with 1 μg total RNA 
as the template. The qPCR analyses were performed on an 
ABI7500 RT-PCR system (Applied Biosystems, Carlsbad, 
CA, USA). The gene-specific primers were designed using 
Primer Blast online tools based on nucleotide sequences of 
poplar (taxid:3689) at the NCBI (https ://www.ncbi.nlm.nih.
gov/). There were three biological replicates for each cDNA. 
The qRT-PCR reaction conditions were as follows: 10 min 
activation at 95 °C, followed by 40 cycles of denaturation 
at 95 °C for 15 s, and then extension at 72 °C for 35 s. To 
ensure that only single products were generated, a melting 
curve was acquired for each primer at the end of each run. 
The relative gene expression levels in different samples were 
calculated using the comparative  2−ΔΔCT method (Livak and 
Schmittgen 2001). pnUBQ7 was used as the internal con-
trol to compare gene expression among seeds at different 
developmental stages (Qu et al. 2019d). The relative expres-
sion levels of target genes were compared with that at 0 h 
(control).

Enzyme analyses

We used purchased kits to detect the activities of enzymes 
(alcohol dehydrogenase, ADH; pyruvate kinase, PK; pyru-
vate decarboxylase, PDC; phosphoenolpyruvate carboxykin-
ase, PEPCK; and nicotinamide adenine dinucleotide-malate 
dehydrogenase, NAD-MDH) (Comin, Suzhou, China). The 
ATP content was detected using an ATP fluorescence kit 
(Beyotime, Beijing, China). All samples were ground on ice 
before testing. The assays were performed according to the 
manufacturer’s instructions. Transpiration rates were meas-
ured using a LI-6400 system (LI-COR, Lincoln, NE, USA) 
according to the manufacturer’s instructions.

RNA‑Seq and metabolome data collection 
and analysis

The RNA-seq and metabolome raw data were collected from 
the same poplar species, with the same treatments, sampling 
times, and processing methods as those used in our study, 
at the State Key Laboratory of Tree Genetics and Breeding 
(Northeast Forestry University, Harbin, China). These data 
were generated using the RNA-seq technique on the Illumina 
HiSeq 2500 platform (Illumina, San Diego, CA, USA) from 
seeds of poplar at different stages of germination. Each stage 

had three replicates. All clean reads were mapped to the 
poplar genome, which was downloaded from the Phytozome 
website (https ://phyto zome.jgi.doe.gov/pz/porta l.html), and 
differentially expressed genes (DEGs) were identified with 
NOISeq with the following thresholds: fold change ≥ 2 and 
p ≥ 0.8 (Tarazona et al. 2015). Gene expression levels were 
normalized using the FPKM method, and other details are 
described in Qu et al. (2019b). Metabolomic analysis was 
performed using 50 mg poplar seeds for each of the dif-
ferent germination stages. The experimental process was 
as follows: LC–MS/MS analyses were performed using a 
UHPLC system (1290, Agilent Technologies, Palo Alto, CA, 
USA) equipped with a UPLC BEH amide column (1.7 µm 
2.1 × 100 mm, Waters, Milford, MA, USA) coupled to a Tri-
pleTOF 6600 mass spectrometer (Q-TOF, AB Sciex, Fos-
ter City, CA, USA). The mobile phase consisted of 25 mM 
 NH4OAc and 25 mM  NH4OH in water (pH = 9.75) (A) and 
acetonitrile (B). The elution gradient was as follows: 0 min, 
85% B; 2 min, 75% B; 9 min, 0% B; 14 min, 0% B; 15 min, 
85% B; 20 min, 85% B. The flow rate was 0.3 mL min−1 and 
the injection volume was 2 µL. The TripleTOF mass spec-
trometer was used for its ability to acquire MS/MS spectra 
on an information-dependent basis (IDA) during LC/MS 
analyses. In this mode, the acquisition software (Analyst TF 
1.7, AB Sciex) continuously evaluates the full-scan survey 
MS data as they are collected, and the acquisition of MS/
MS spectra is triggered depending on preselected criteria. 
In each cycle, six precursor ions with intensity greater than 
100 were chosen for fragmentation at collision energy (CE) 
of 35 V (15 MS/MS events with product ion accumulation 
time of 50 ms each) (Ivanisevic et al. 2015). Analyses of the 
metabolomic data revealed 3790 features. After eliminating 
outliers identified by the interquartile range method, missing 
values in the metabolic raw data were replaced by numbers 
corresponding to half of the minimum value. The overall 
normalization method was used in data analysis (Dunn et al. 
2011). Metabolites showing significant differences in abun-
dance among samples were detected using two screening 
steps: 1. Metabolites with first principal component of vari-
able importance in the projection (VIP) values exceeding 
1.0 were selected as those showing changes in abundance; 
2. The remaining variables were assessed by Student’s t-test 
(p > 0.05) (Saccenti et al. 2014). The Mapman tool was used 
to assign transcript pathway categories and to annotate genes 
and metabolites (Thimm et al. 2004). All datasets generated 
or analyzed in this study are available from the correspond-
ing author on reasonable request.

Statistical analyses

All qRT-PCR and enzyme activity data were subjected to 
one-way analysis of variance. Significant differences among 
samples were detected by Duncan’s test using SPSS v. 20.0 

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://phytozome.jgi.doe.gov/pz/portal.html
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(SPSS Inc., Chicago, IL, USA). The level of significance 
was p < 0.05.

Results

Physiological changes during seed germination

The changes in fresh weight during different stages of seed 
germination are shown in Fig. 1. From the beginning of 
imbibition, the fresh weight of the seeds began to increase. 
The increase in fresh weight continued until about 1 h after 
the start of imbibition, and then the seed weight entered a 
relatively stable phase. These results show that poplar seeds 
absorb water rapidly up to 1 h of germination, and then 

absorb water more slowly after 1 h of germination. Refer-
ring to a previous study (Qu et al. 2019b), we selected seeds 
at 0.75 h after the start of imbibition as being representa-
tive of the rapid water absorption period (early germination 
period) and those at 6 h after the start of imbibition as being 
representative of the slow water absorption period (germina-
tion period).

The changes in respiration rate during poplar seed ger-
mination are shown in Fig. 2a. The respiration rate began to 
increase at 0.5 h, and reached 1.387 µmol mol−1 at 0.75 h, 
2.131 µmol mol−1 at 6 h, and 2.536 µmol mol−1 at 24 h 
of germination (around the time of hypocotyl extension, 
indicative of the end of seed germination). These results 
show that ATP synthesis began to recover at 0.75 h of seed 
germination.

Some ATP was detected at the early stage of poplar seed 
germination, but the ATP content increased significantly at 
0.75 h and continued to increase after 6 h (Fig. 2b), consist-
ent with the changes in the respiration rate.

qRT‑PCR analyses

According to annotations assigned using Mapman tools, 
we identified four genes encoding MDH, two genes encod-
ing PEPCK, three genes encoding PDC, ten genes encod-
ing ADH, and eight genes encoding PK. The results of the 
qRT-PCR analyses indicated that the transcript levels of 
potri.017G101900 and potri.001G376500 (encoding MDH) 
were relatively low between 0 and 0.75 h, and reached 
higher levels at around 6 h. The other two genes encoding 
MDH, potri.011G096300 and potri.017G102000, showed 
relatively stable transcript levels at the early stage of seed 
germination (0.75 h), and lower transcript levels after 24 h 
of germination.

The two PEPCK genes showed similar trends in 
expression. Their transcript levels were higher between 
0 and 0.75 h and decreased to relatively low levels by 
6 h and 24 h of germination. The three genes encoding 
PDC showed relatively stable expression at 0–0.75  h 
and increased transcript levels at 6  h of germination. 
Among the 10 genes encoding ADH, potri.018G142700, 

Fig. 1  Changes in fresh weight of poplar seeds during germination. 
FW: Fresh weight

Fig. 2  Changes in ATP content 
and carbon dioxide release rate 
during the early stage of poplar 
seed germination. a Carbon 
dioxide release rate during pop-
lar seed germination. b Changes 
in ATP content during poplar 
seed germination
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potri.T107200, and potri.002G013400 showed higher 
transcript levels at 0.75  h, while potri.005G060200, 
potri.005G060300, and potri.T107300 showed higher 
transcript levels at 6 h and 24 h of germination. Among 
the eight genes encoding PK, potri.010G254900 and 
potri.008G159700 had higher transcript levels before 
0.75  h, while the other six genes showed significant 
increases in transcript levels at 6 h of germination. These 
results suggest that different members of gene families in 
Perl’s pathway are regulated differently and have different 
functions.

The FPKM values provide an estimate of transcript 
abundance. The FPKM values were highly consistent with 
the qRT-PCR results, thus confirming the credibility of the 
experimental data (Fig. 3).

Changes in enzyme activity

The changes in activities of enzymes in Perl’s pathway 
during germination are shown in Fig. 4. The activity of 
MDH at 0.75  h was 43,081  nmol  min−1  g−1, approxi-
mately double that at 6 h. The activity of PEPCK was 
also higher at 0.75 h (117 nmol min−1 g−1) than at 6 h 
(56  nmol  min−1  g−1). The activity of PK at 0–0.75  h 
(approx. 17,000–19,000  nmol  min−1  g−1) was higher 
than that at 6 h (about 10,000 nmol min−1 g−1). Similar 
to the trend in PK activity, PDC activity was also higher 
at the early stage of seed germination but showed a sig-
nificant decrease at 0.75 h to about 2.12 µmol min−1 g−1, 
and even lower activity between 6 and 24 h of germi-
nation. At the dry seed stage, ADH activity was about 
2.77 µmol min−1 g−1 (if enzymes are active in dry seeds), 
and then it increased and remained relatively stable at 
about 6 µmol min−1 g−1 from 0.75 h to 24 h of germi-
nation. In general, these enzymes were active at about 
0.75 h of seed germination, and some enzymes had higher 
activity during this period than at the later stage of seed 
germination.

Changes in abundance of metabolites 
during germination

We detected metabolites related to Perl’s pathway at dif-
ferent stages of seed germination (Fig. 5). The phospho-
enolpyruvate concentration decreased slightly at 0.75 h, but 
this decrease was not significant, and then it increased signif-
icantly after 24 h. The oxaloacetate concentration was high 
in dry seeds but decreased significantly by 0.75 h, reached 
its lowest level around 6 h of germination, and then started 
to increase. The NAD concentration was high in dry seeds 
and significantly decreased by 0.75 h of germination.

Discussion

In this study, we analyzed poplar seeds at different stages 
of germination to determine which pathway(s) provided 
energy for metabolism. The starting point for these analy-
ses was the pathway proposed by Perl (1986). The sources 
of energy to fuel early seed germination were explored 
by qRT-PCR and enzyme activity analyses. The results 
were validated by comparison with transcriptome and 
metabolome data. We found that some members of Perl’s 
pathway-related gene families had higher relative expres-
sion levels at the early stage of germination and that the 
enzymes in this pathway were either more active in dry 
seeds or showed high activity at the early stage of germi-
nation. Oxaloacetate may be the main substrate for this 
pathway. The results of this study lay a theoretical foun-
dation for exploring the energy sources for poplar seed 
germination.

Our results show that gene transcriptional patterns var-
ied among different members of Perl’s pathway-related 
gene families. This result indicates that different mem-
bers of the same family might be differently regulated and 
have different functions. For example, among the genes 
encoding MDH, potri.011G096300 and potri.017G102000 
showed higher transcript levels at the early stage of seed 
germination, but potri.017G101900 and potri.001G376500 
showed higher transcript levels after 6 h. Among the genes 
encoding PK, potri.010G254900 and potri.008G159700 
had higher transcript levels at 0–0.75 h of seed germi-
nation, while the other members of this family showed 
gradual increases in transcription during germination. The 
same phenomenon was observed among genes encoding 
ADH. Gallardo (2001) analyzed the transcriptome of dry 
seeds and found that genes encoding PDC2 and ADH had 
the highest transcript levels of all the genes in the fer-
mentation pathway. They found that after the start of seed 
germination, the transcript levels of genes encoding PDC2 
and ADH decreased rapidly but the ADH protein levels 
remained unchanged. The activity of ADH reflects the sum 
of activities of stored and/or newly synthesized ADH accu-
mulated during seed maturation (Fu et al. 2005; Gallardo 
et al. 2001; Rajjou et al. 2006). The results of those studies 
suggest that there are complex patterns of activation for 
genes in particular pathways and that different members 
of gene families cooperate to maintain a constant level of 
total protein. Given the different expression patterns of 
gene family members detected in our study, we believe that 
such complex regulatory processes also affect members of 
gene families in Perl’s pathway.

Our enzyme activity analyses indicated that some of 
the enzymes associated with Perl’s pathway, such as PK 
and PDC, may be active in dry seeds. Enzymes may be 
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Fig. 3  qRT-PCR analyses of transcript levels of 27 genes related to Perl’s pathway during seed germination. Columns represent relative gene 
expression levels. Data are mean ± SD (n = 3). Broken lines represent RNA-Seq results
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present in an inactive form in dry seeds with a low mois-
ture content, and then regain activity upon seed imbibi-
tion. In our study, the enzymes ADH, PEPCK, and MDH 
showed significantly increased activity by 0.75 h of ger-
mination. This observation indicates that these enzymes 
may play important roles during the early stage of poplar 
seed germination.

The Perl’s pathway starts with the dehydrogenation of 
malate, and a reaction catalyzed by PEPCK and PK to 
form ATP. In these reactions, NADH provides the reduc-
ing power (Fig. 6). As shown in Fig. 5, the oxaloacetate 
content was higher in dry seeds and dropped significantly 
by 0.75 h of germination, while the phosphoenolpyruvate 
content also decreased slightly but not significantly. We 

hypothesize that oxaloacetate may serve as the substrate 
for the production of phosphoenolpyruvate at 0.75 h of 
germination. Although the phosphoenolpyruvate content 
fluctuated from 0 to 6 h of germination, the changes were 
not significant. These fluctuations may be related to the 
role of phosphoenolpyruvate as an intermediate in Perl’s 
pathway, and the significant decrease in NAD content may 
be related to its mobilization. Previous studies have shown 
that the transcription of genes encoding glycolytic and tri-
carboxylic acid cycle-related enzymes begins to recover by 
6 h of germination (Qu et al. 2019e). We propose that the 
Perl’s pathway may provide energy until 6 h of germina-
tion, before activation of glycolysis and the TCA cycle.

Fig. 4  Changes in activities of enzymes related to Perl’s pathway. a–e ADH (a), PK (b), PDC (c) PEPCK (d), NAD-MDH (e). In each plot, dif-
ferent lowercase letters indicate significant differences

Fig. 5  Changes in contents of metabolites related to Perl’s pathway during poplar seed germination: Phosphoenolpyruvate (a), Oxaloacetate (b), 
NAD (c). Columns represent relative abundance of metabolites. In each plot, asterisks indicate a significant difference
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It has been proposed that Perl’s pathway provides energy 
for seed germination. Our results show that the activities of 
some enzymes in this pathway increased within 1 h of seed 
imbibition, and then decreased at the later stage of germina-
tion. These results indicate that Perl’s pathway only plays an 
important role during the early stage of seed germination. Con-
sistent with this idea, most of the enzymes in Perl’s pathway 
showed higher activities at the early stage of seed germination 
than at the later stage. Because this pathway only plays an 
important role in seed germination for a short period of time, 
and because of technical limitations, few studies have focused 
on Perl’s pathway and its contribution to seed germination. 
With the recent development of various -omics technologies, 
more studies have tried to unravel the molecular mechanism of 
seed germination. Some recent studies have provided informa-
tion about the mechanism of Perl’s pathway and its function 
from different perspectives. For example, Liu (2018) found 
that wheat AspAT contributes to the formation of oxaloacetate, 
the substrate for Perl’s pathway. Zhang (2018) found that the 
small RNA miR5141 targets a gene encoding ATP synthase, 
which is involved in ATP synthesis via Perl’s pathway, during 
the early stage of seed germination in Paeonia ostii. In future 
studies, we intend to conduct further research on poplar seeds 
to screen and study the signaling pathways that regulate Perl’s 
pathway.

Conclusions

The starting point for this study was the pathway hypoth-
esized by Perl (1986). To test whether this pathway is 
the main source of energy during the early stage of seed 

germination, we analyzed germinating poplar seeds. We 
used qRT-PCR to quantify the transcript levels of genes 
in Perl’s pathway, detected the activity levels of various 
enzymes, and verified our results by comparison with 
RNA-Seq and metabolomics data. Our findings indicate 
that Perl’s pathway is the main source of energy at the 
early stage of poplar seed germination and that oxaloac-
etate and other substances play a role in the supply of raw 
materials. This study provides new information about the 
metabolic processes that function during the early stage 
of poplar seed germination.
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