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in biomass after one week of culturing. Another important 
unique characteristic of Qu-2 cells is that they can be cryo-
preserved and readily reactivated. Qu-2 cells are suitable 
for molecular manipulations such as protoplast production, 
transient transformation, and RNA-seq analysis. Therefore, 
Qu-2 cells have the great potential to be an excellent model 
cell line in tree molecular biological research, ranging from 
physiology to gene function. The Qu-2 cells will be made 
available to the plant community for research.

Keywords Qu-2 cell line · Suspension cell · Poplar · 
Protoplast isolation · Transient transformation

Introduction

Suspension cell lines are useful materials for biological 
research. HeLa cells, considered an immortal cell line, can 
be maintained in continuous serial culture (Scherer et al. 
1953), offering an enormous help in advancing human medi-
cal and biological research. Plant suspension cell lines are 
widely used in physiology, cytology, biochemistry, devel-
opmental biology, genetics, and molecular biology research 
because of their favorable dispersibility, rapid growth, good 
repeatability, and ease of manipulation. The BY-2 (Bright 
Yellow 2) cells derived from Nicotiana tabacum L. are an 
excellent plant suspension cell line because they grow fast 
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and have unique characteristics (Nagata et al. 1992, 2004). 
BY-2 has been used in many studies, such as cell cycle (Yu 
et al. 2006; Harashima et al. 2007; Delporte et al. 2014), cell 
metabolism (Krystofova et al. 2013; Han et al. 2014; Issawi 
et al. 2017), abiotic stress responses (Banu et al. 2009; Gai 
et al. 2011) and gene function verification (Han et al. 2014; 
Niczyj et al. 2016; Toussaint et al. 2017). In addition to 
BY-2, suspension cell lines have been generated from other 
plant species, such as thistle (Lattanzio et al. 2018), switch 
grass (Rao et al. 2017), and rice (Ozawa and Komamine 
1989).

Populus is a genus native to most of the Northern Hemi-
sphere. Populus trichocarpa is the first tree species being 
sequenced for its genome in 2006 (Tuskan et al. 2006) and 
has been used as a model tree species for molecular genetic 
research. Although genome sequences of Populus and other 
forest tree species are available, functional and genetic stud-
ies of these species at the whole tree level have always been 
very difficult. Cell cultures may be alternative systems for 
these studies. However, the generation of specific tree cell 
or tissue cultures as biological systems for molecular and 
genetic studies has also been difficult or impossible due to 
the recalcitrance of woody plant tissues to experimental pro-
cedures. Efficient and easy to manipulate suspension cell 
lines from a tree species, particularly Populus, have been 
highly desirable for the advancement in forest tree research. 
Several Populus suspension cell lines have been reported 
(Bae et al. 2012; Ohlsson et al. 2006; Ohmiya et al. 1995; 
Park and Son 1988). However, they are not easy to gener-
ate and are not designed for yield and quality adequate for 
a variety of studies. What is also lacking in many of these 
cell line systems is well-developed cell cryopreservation and 
reactivation procedures to allow for a continual source of 
genetically uniform material.

We have developed a unique suspension cell line derived 
from ‘Yinzhong’, a hybrid poplar (P. alba × P. berolinensis), 
which we named Qu-2. The Qu-2 cells have been cultured, 
cryopreserved, reactivated and used since 2014 and shown 
very stable genetic characteristics. Here, we describe the 
generation and maintenance of the Qu-2 cells and some of 
their key characteristics required as a model system for plant 
biological research, especially for tree species.

Materials and methods

Plant materials

Populus alba × P. berolinensis ‘Yinzhong’ is a male triploid 
hybrid. The 20-year-old donor ‘Yinzhong’ tree we used is 
from campus of Northeast Forestry University. Leaf, bud and 
anther tissues were collected as explants for callus induction.

Acquisition of suspension cell lines derived from callus

Sterilized explants were transferred to MS medium 
(Murashige and Skoog 1962) + 2.0 mg/L 2,4-Dichlorophe-
noxyacetic acid (2,4-D) + 0.5 mg/L Kinetin (KT) + 30 g/L 
Sucrose +3 g/L Gelrite. After culturing in dark for about 
30 days, the callus was formed. Of the calli derived from the 
selected explant types, we found that the callus from anthers 
had loose texture, vigorous growth and bright yellow color, 
which met the requirements of suspension materials. We 
then focused on the anther callus for the generation of the 
suspension cells.

Growth of Qu-2 cells and measurement of the growth 
rate

More than 1000 anther callus lines were selected for the 
generation of the Qu-2 suspension cells and growth meas-
urement of these cell lines. The growth and development 
of the Qu-2 cells, with and without the presence of plant 
hormone, was measured every 2 days. For each cell line, 
~1.5 g callus was split into small portions and transferred 
to hormone-containing liquid medium (MS + 0.15 mg/L 2, 
4-D + 0.02 mg/L KT + 50 g/L Sucrose) and small portions of 
another ~1.5 g callus were transferred to hormone-free liquid 
medium (MS + 50 g/L Sucrose) and cultured at 26 °C with 
continuous shaking at 110 rpm. While culturing, 1 mL of the 
suspension cells were taken every 2 days, and the number of 
cells per unit volume was counted using a hemocytometer.

Cryopreservation and reactivation of the Qu-2 
suspension cells

The suspended Qu-2 cells for 6  d in the growth phase 
were added to a suspension medium containing 0.33 or 
0.5 mol L−1 mannitol for dehydration treatment. After cul-
turing at 26 °C and 110 rpm for 2 d, the supernatant was 
removed by low-speed centrifugation (500 × g, 5 min) and 
re-suspended in a suspension medium containing 10% (v/v) 
dimethyl sulfoxide (DMSO). It was then transferred to a 
2 mL freezing tube and frozen with stepwise low tempera-
ture treatments, 4 °C for 1 h, −20 °C for 2 h, and −80 °C 
overnight, and finally transferred to liquid nitrogen for 
long-term preservation. To recover cells after one month, 
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the suspended cells were removed from liquid nitrogen and 
immediately placed in a 37 °C water bath, thawed, washed 
for 3–4 times with suspension medium containing 10% (v/v) 
DMSO, and transferred to suspension medium with or with-
out plant hormones as described above for cultivation. After 
7 d, 1 mL of suspended cells was put into a 10 mL centri-
fuge tube containing 0.4% (w/v) 2,3,5-triphenyl-tetrazolium 
chloride (TTC), incubated overnight at 37 °C followed by 
centrifugation (500 × g, 5 min). At last, the cells were re-
suspended with 3 mL DMSO, and the absorbance at  OD485 
was measured to determine the activity.

Plant regeneration from Qu-2 cells

The vigorously growing Qu-2 callus was placed in MS 
medium with the addition of three different types of hor-
mones: (1) 0.2 mg/L 1-Naphthaleneacetic acid (NAA), 
(2) 0.05  mg/L Thidiazuron (TDZ) and (3) 0.2  mg/L 
NAA + 1 mg/L 6-Benzylaminopurine (6-BA) + 0.05 mg/L 
TDZ. The callus was then cultured in a tissue culture room 
(temperature 24–26 °C, light intensity 1000–1500 Lx, light/
dark period 16 h/8 h) and subcultured every 25 to 30 d for 
callus, and whole shoot regenerations.

Protoplast isolation and transformation of Qu-2 cells

The protoplasts were obtained from Qu-2 cells by enzymatic 
hydrolysis of the cell wall. The solutions and reagents used 
for protoplast isolation and genetic transformation are list 
below. The cell wall digestion enzyme solution: 3% (w/v) 
CELLLULASE-R10 (Yakult Pharmaceutical Industry Co., 
Ltd.), 0.8% (w/v) MACEROZYME-R10 (Yakult Pharma-
ceutical Industry Co., Ltd.) in 20 mM 4-morpholineethane-
sulfonic acid (MES), 0.5 M mannitol and 20 mM potassium 
chloride (KCl). This mixture was incubated at 55 °C for 
10 min and after being cooled down to room temperature, 
10 mM calcium chloride dihydrate  (CaCl2·2H2O) and 0.1% 
(w/v) bovine serum albumin (BSA) were added. MMG solu-
tion: 0.5 M mannitol, 4 mM MES and 15 mM magnesium 
chloride hexahydrate  (MgCl2·6H2O). WI solution: 0.5 M 
mannitol, 4 mM MES and 20 mM KCl. PEG solution: 0.5 M 
mannitol, 100 mM  CaCl2·2H2O and 40% (w/v) PEG4000.

About 3–4 g Qu-2 cells were added into 50 mL enzyme 
solution and put on a horizontal shaker for 1.5–2 h. The 
enzymatic solution was filtered out by qualitative filter 
paper. The precipitation (cell line after enzymatic hydroly-
sis) was suspended gently by MMG, the protoplasts were 
collected through 70 μm nylon membrane. The quantity and 
quality of protoplasts obtained were detected by using blood 
cell counting plate. PEG-mediated transformation was used. 
The protoplasts of 100 μL were added into 10 μL target 
plasmid and 110 μL PEG transformation solution. It was 
mixed gently and reacted at room temperature for 5–8 min. 

The protoplasts were collected by low-speed centrifugation 
(400 × g, 3 min), re-suspended with 1 mL of WI and trans-
ferred to a six-well plate to complete protoplast transforma-
tion. The pUC19 vector encoding a green fluorescent pro-
tein (sGFP) was used for transient transformation (Lin et al. 
2014). Bimolecular Fluorescence Complementation (BiFC) 
was performed with Qu-2 protoplasts to verify the protein 
interaction between CbuSPL9 and CbuHMGA, which are 
proteins related to flower development in Catalpa bungei 
and known to interact with each other (Wang et al. 2020). 
The transformation efficiency was estimated using Zeiss 
LSM700 laser-scanning microscopy.

Agrobacterium tumefaciens-mediated transient 
transformation of Qu-2 cells

Agrobacterium was used to transiently transform the Qu-2 
cells. The pBI121 vector carrying the GUS gene was used 
as a plasmid for the transformation. A. tumefaciens strain 
GV3101 was shaken to activate to the absorbance at  OD600 
to 0.2–0.3, and then to the culture 40 μM acetosyringone 
(AS), 0.0002 mg/L TDZ, and 20 mL of sterile water were 
added. Approximately 5 g of Qu-2 cells were added to the 
transformation solution, which was held in the dark at 26 °C, 
and rotated at 110 rpm, for 2–3 d. For GUS detection, the 
Qu-2 cells were collected on qualitative filter paper, trans-
ferred to fresh medium, pipetted into a detection solution 
containing 5-bromo-4-chloro-3-indolyl-β-D-glucuronic 
(X-Gluc) (Jefferson et al. 1986), and incubated at 37 °C 
overnight. The cells were fixed (Carnoy’s fixative) the next 
day, and the transformation results were quantified.

Full transcriptome analysis of Qu-2 cells by RNA-Seq

An RNA-Seq experiment with two biological replicates was 
conducted to compare gene expression patterns of Qu-2 cells 
with different tissues of P. trichocarpa. After dark culture 
for 6 d, the total RNA was extracted using an Extract kit 
(RP3301, BioTeke, China). RNA-Seq libraries (PE150) 
were prepared and sequenced on the MGISEQ-2000 plat-
form (Beijing Genomics Institute, Shenzhen, China) at BGI-
Wuhan (BGI, Wuhan, China). In addition, other RNA-Seq 
data from different tissues of P. trichocarpa were down-
loaded from NCBI SRA (Sequence Read Archive) database 
(shoot: SRR3472992, SRR3472993; leaf: SRR3472995, 
SRR3472996; root: SRR3473000, SRR3473001; xylem: 
SRR3473003, SRR3473005; phloem: SRR3472997, 
SRR3472998; fiber: SRR3473006, SRR3473008; vessel: 
SRR3473010, SRR3473011) (Shi et al. 2017; Chen et al. 
2019). Raw data were processed by fastp (v0.19.7) for 
adapter removal and low-quality read filtering. The quali-
ties of the clean reads were checked using FastQC (v0.11.8). 
The P. trichocarpa annotated with gene set (v3.0) was 
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downloaded from the Phytozome version 12. We used the 
kallisto (v0.46.0) (Bray et al. 2016) to calculate gene expres-
sion levels and calculated Pearson correlation between Qu-2 
cell line protoplasts and other samples.

Results

Acquisition of Qu-2 suspension cell lines

We aimed to obtain a suspension cell line of woody species 
that can be used for molecular biology research. P. alba × P. 
berolinensis ‘Yinzhong’ was used to obtain callus from dif-
ferent tissues for suspension cell induction. We found that 
the calli from anthers were much looser and softer than 
those from other tissues and were suitable for suspension 
cell induction (Fig. 1a, b). We generated thousands of callus 
clones from the anther culture, and those lines with vigorous 
growth and soft texture were selected for suspension cell 
induction (Fig. 1c). The small pieces of callus were cultured 
in a 150 mL flask containing 50 mL culture medium through 
continuous shaking. We observed on a daily basis the growth 
status of each clone under microscope and selected the fast-
est growing suspension line. After several rounds of selec-
tions, we obtained an expectant suspension cell line and 
named it Qu-2 (Fig. 1d).

Qu-2 cells can be cultured in liquid culture medium with 
good dispersibility. We observed the growing status of Qu-2 
using microscope and found that the Qu-2 suspension cells 
are present mostly as individual cells or chains of a few cells 
as they grew (Fig. 2a). In addition, we found that the growth 
of Qu-2 was hormone-independent. To be more quantita-
tive about the growth, the same amount of callus was tested 
by culturing in a 150 mL flask with or without hormones. 
After one week, the cell numbers in hormone-containing and 
hormone-free media increased 167 and 135 times compared 
to the cell numbers at the onset of subcultivation, respec-
tively (Fig. 2b), demonstrating that the Qu-2 cell line exhib-
its very vigorous growth and hormonal autotrophy. To our 
best knowledge, the growth rate observed after one week 
culturing (with or without the presence of hormones) is the 
highest ever being reported for plant suspension cells so far. 
In fact, the growth of Qu-2 cells could not be stopped until 
the consistency of the culture medium became too high to 
prevent cell shaking in an orbital incubator (Fig. 2c, d and 
Electronic Supplemental Video S1). Qu-2 cells are well 
adapted in such plant tissue culture media, including MS, 
WPM, B5 and MH.

Cryopreservation is a common method for cell line con-
servation. We next investigated whether Qu-2 can be cryo-
preserved. We went through a series of treatments, including 
dehydration, and gradual cooling to liquid nitrogen. After 
1-month cryopreservation, Qu-2 cells were reactivated and 
tested positive for activity using TTC (Fig. 2e). Therefore, 
our Qu-2 cell line system includes an effective cryopreser-
vation and reactivation procedure, making this high yield 
system more robust and useful. Qu-2 cells after 2-year cryo-
preservation have been successfully recovered in our lab.

Organogenesis of Qu-2 cells

We also tested whether the Qu-2 cell line can be induced to 
regenerate plants. Actively growing Qu-2 cells were seeded 
on induction medium, and after being cultured under light 
for one month, the cells developed into hardened green cal-
lus (Fig. 3a). After three months, buds were formed from the 
callus followed by shoot elongation (Fig. 3b), and finally, 
whole shoots were regenerated (Fig. 3c). Our results also 
show Qu-2 cells were hexaploid confirmed by flow cytom-
etry test (Data not shown), suggesting the genome doubling 
shows no effect on cell totipotency of Qu-2 cells.

Transient gene expression in Qu-2 cells

To investigate the feasibility of Qu-2 suspension cells for 
molecular biology studies, we used Qu-2 cells to perform 
transient gene expression and BiFC. Transient genetic 
transformation of suspension cells or protoplasts is widely 
used to test for gene expression in plants because of the 

Fig. 1  Acquisition of Qu-2 suspension cell line from poplar anther. a 
Callus induction was performed on anther derived from ‘Yinzhong’; 
b Obtained poplar anther-induced calli. Arrows show the calli; c The 
callus grows vigorously and has a soft texture; d Obtained Qu-2 sus-
pension cell line with good dispersion and vigorous growth
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efficiency, simplicity and short duration of the experi-
ments. Such transformation is particularly useful for the 
recalcitrant woody plants. The Qu-2 cell line is suitable 
for both PEG-mediated and A. tumefaciens-mediated 
transient transformation. Protoplasts isolated from the 
Qu-2 cells were tested for PEG-mediated transient trans-
formation using pUC19 vector with fluorescent protein 
(sGFP) driven by a CaMV 35S promoter. The sGFP was 
successfully expressed in Qu-2 cell protoplasts (Fig. 4a), 
with transformation efficiencies of about 10–15%. We 
determined whether Qu-2 cells are suitable for BiFC 
assays. We tested and validated protein-protein interac-
tions between CbuSPL9 and CbuHMGA (Wang et  al. 
2020). CbuSPL9:YFPc, where CbuSPL9 was fused to the 

C-terminus of YFP, and CbuHMGA:YFPN, where CbuH-
MGA was fused to the N-terminus of YFP, were coex-
pressed together with the H2A-1:mCherry nuclear marker 
in Qu-2 protoplasts. The presence of the two fusion protein 
reconstituted YFP signals, which were colocalized with 
H2A-1:mCherry exclusively in the nucleus (Fig. 4b). This 
result was consistent with the previous study (Wang et al. 
2020), and indicated that the Qu-2 cell line can be used 
as a system for BiFC experiments. For A. tumefaciens-
mediated transient transformation, Qu-2 cells were co-cul-
tured with Agrobacterium (GV3101) harboring pBI121 for 
2–3 d, followed by GUS activity assay showing positive 
transgene expression (Fig. 4c).

Fig. 2  Growth characteris-
tics of hormone autotrophic 
Qu-2 suspension cell line. a 
Microscopic observation of 
cell morphology of Qu-2 cells. 
Bars = 50 μm; b Differences in 
cell number per unit volume 
of Qu-2 cells when cultured 
with or without hormones; c 
Suspension culture of the Qu-2 
cells after 17-d culturing with 
hormones; d Suspension culture 
of the Qu-2 cells after 17-d cul-
turing without hormone; e The 
cryopreserved Qu-2 suspension 
cell line was restored and tested 
for activity using TTC. (1) the 
Qu-2 cells restored after cryo-
preservation; (2) the Qu-2 cells 
under normal culture conditions

Fig. 3  Plant regeneration 
from the Qu-2 cells. a Callus 
developed in one month; b Bud 
formation and shoot elongation 
in three months; c A complete 
shoot was regenerated from the 
Qu-2 cells after 3-month culture
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Analysis of gene expression patterns

Gene expression patterns are not homogeneous across dif-
ferent tissues and even different cell types of a particular 
organ. Different gene expression patterns determine the 
identity of each cells. Here, we used correlation analysis 
to roughly analyze the gene expression patterns of dif-
ferent samples. For two biological replicates of RNA-seq 
analyses of Qu-2 cells generated approximately 27.6 mil-
lion and 28.9 million paired-end 150 bp raw reads, where 
approximately 25.9 million and 27.1 million 130 bp clean 
reads were obtained, respectively. We also used a similar 
strategy (Beyrne et al. 2019) to filter RNA-seq data from 
many tissues of P. trichocarpa downloaded from NCBI 
SRA database. A total of 164.8 million single-end clean 
reads were generated. The transcript abundance quantifi-
cation using “kallisto” (Bray et al. 2016) showed that of 
all the 41,335 genes in the P. trichocarpa genome, over 
29,000 (70.2%) genes were expressed in Qu-2 cells. Cor-
relation analysis of gene expression patterns between Qu-2 
cells and tissues of P. trichocarpa indicated that the gene 
expression patterns of our Qu-2 cells were different from 
those of other tissues (Ma et al. 2019), especially in leaves, 
vessels and fibers (Fig. 5). However, patterns of our Qu-2 

cells showed higher similarity to phloem and shoot than 
those of other tissues.

Discussion

Plant suspension cell lines have provided great convenience 
for molecular biological research. Among the established 
plant cell lines, tobacco BY-2 cell line is the most widely 
used. The Qu-2 cell line could be a better choice as a model 
system for woody plant research. The Qu-2 cell line has 
been maintained in our lab for six years, and didn’t show any 
obvious change in culture characteristics. Qu-2 cells were 
well adapted to many known plant tissue culture media, such 
as MS, WPM, B5 and MH. A very unique characteristic of 
the Qu-2 cells is that they can grow very well without add-
ing any hormones in the culture media. We also established 
a cryopreservation and reaction procedure for the Qu-2 cell 
line. The Qu-2 cells can be kept between 4 and 8 °C for more 
than two months without losing the activity. The growth, 
maintenance, preservation of the Qu-2 cell line can be read-
ily established in any plant biology labs.

Another unique characteristic of the Qu-2 cells is that 
they have a very high growth rate. The tobacco BY-2 cells 
can multiply by 80–100 times within one week under appro-
priate growth conditions (Nagata et al. 1992), whereas the 
Qu-2 cells could increase more than 150 times in the same 
period of time. The most amazing feature of the Qu-2 cells 

Fig. 4  Transient transformation of Qu-2 cells. a The sGFP-tagged 
vector was used to transform protoplasts from the Qu-2 cells. Green 
indicates sGFP signal in Qu-2 cells. Bars = 10  μm; b BiFC experi-
ments using protoplasts from the Qu-2 cells showed that CbuSPL9 
and CbuHMGA proteins interact in the nucleus. Green shows the 
YFP signals from protein interaction, red indicates the nuclear marker 
H2A-1:mCherry, and yellow represents the merged signals from YFP 
and mCherry. Bars = 10 μm; c GUS staining of Qu-2 cells after tran-
sient transformation by Agrobacterium. (1) the Qu-2 cells; (2) the 
Qu-2 cells treated with transient transformation

Fig. 5  Correlation of gene expression patterns between Qu-2 cells 
and other samples. Qu-2 cells: Qu-2 cells; phloem: phloem; shoot: 
shoot tip; xylem: stem differentiating xylem; root: primary root; fiber: 
fiber; vessel: vessel; leaf: leaf; r1 and r2: biological replicate 1 and 
biological replicate 2



739Qu-2, a robust poplar suspension cell line for molecular biology  

1 3

is that their growth is not sensitive to cell density. Under 
liquid culture condition, most plant cells will stop grow-
ing when cell density reaches to a certain degree. However, 
the Qu-2 cells would not stop growing under liquid culture 
condition until the cells could not be shaken in an orbital 
incubator due to high medium consistency. Therefore, Qu-2 
cells could grow indefinitely. These unique traits indicated 
that the Qu-2 cells may be mass-produced in bioreactor for 
industrial applications.

We performed a series of tests to show that Qu-2 cells 
could be used as a convenient tool in plant biology research. 
Because of the thick cell walls, protoplasts are difficult to 
be generated from woody cells for transient transformation, 
RNA-seq, ChIP-seq and other experiments. Our results indi-
cated the Qu-2 cell line is a very effective source for proto-
plast isolation. In addition, the Qu-2 cell line can be used for 
both PEG-mediated and Agrobacterium-mediated transient 
transformation.

Approximately 29,000 genes were identified from the 
Qu-2 cells by transcriptome analysis, which accounts for 
70.2% of the genes in the P. trichocarpa genome. Unlike 
the BY-2 cells, Qu-2 cells produced chloroplasts and showed 
normal green on solid medium under light culture condi-
tion. They could be regenerated to whole shoots, implying 
that the Qu-2 cell is genetically totipotent in plant develop-
ment. Therefore, the Qu-2 cells can be representative for 
gene function in whole plants.

Finally, we are willing to share our Qu-2 cell line with 
whoever wants to utilize the cell line for further research.
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