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Abstract
Plumbago auriculata Lam. (Plumbaginaceae) is an ornamental/medicinal flowering shrub. However, it could be stop grow-
ing under 5 °C resulting in its poor germplasm resources. Increasing the tolerance of polyploids to environmental stress will 
enrich its germplasm resources. In this study, we thus employed the stem segments and buds exposed to pendimethalin and 
trifluralin in vitro to conduct an effective polyploid protocol, in which buds were cultured for 7 days in MS medium with 
800 μM. In this study, we have developed a novel polyploid identification method based on accuracy and efficiency. Early 
screening was performed based on the morphological characteristics of this plants, and then polyploidy was determined by 
flow cytometry. The number of chromosomes was determined by the chromosomal accounting. At the anatomical level, in 
comparison with diploids, the root parenchyma, stem collenchyma and tetraploid spongy tissues were thickened, the guard 
cell size and vascular bundles number were increased, and the stomata were widened; but the stomatal density was decreased. 
After 24 h of cold stress, the maximal quantum yield of photosystem II (Fv/Fm) and maximum primary yield of photochem-
istry of PSII (Fv/Fo) of diploids decreased significantly. Conversely, the minimal value of chlorophyll a fluorescence (Fo), 
relative electrical conductivity and malondialdehyde increased markedly. Accordingly, the cold tolerance of the tetraploids 
presented better than these of the diploids. Taken together, our study has first developed an effective protocol to obtain and 
identify the tetraploid of P. auriculate plants. Furthermore, it was proved that this polyploid has presented improving cold 
tolerance and enriching phenotypic properties. These findings could be useful for improving cold-tolerance breeding and 
enriching genetic diversity of P. auriculate plants.

Key message 
We used stem segments and buds exposed to pendimethalin and trifluralin in vitro to conduct polyploids of Plumbago 
auriculata and compared characterizations including cold tolerance between diploids and polyploids.

Keywords  Cold stress · Chlorophyll fluorescence · Pendimethalin · Plumbago auriculata · Polyploidization · Trifluralin
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Fv	� Variable fluorescence of photosystem II
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PSII
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Introduction

Plumbago auriculata Lam. (Plumbaginaceae) is an orna-
mental and medical flowering evergreen shrub worldwide 
that is native to South Africa. The chromosome number 
of P. auriculata is 12, i.e., 2n = 2x = 12 (Lei et al. 2016), 
and has a long flowering period with richness in flowers. 
Moreover, the species have many medicinal and phyto-
chemical properties, e.g., anti-cancer (Gou et al. 2015; 
Bao et al. 2017; Liu et al. 2017), anti-obesity (Jaradat 
et al. 2016), antidepressant (Dhingra and Bansal 2015) 
and antimicrobial properties (Gupta et al. 2017). How-
ever, previous studies have verified that this species will 
stop growing at 1–5 °C and begin to wither at below 0 °C, 
which therefore limit the productivity and distribution of 
this polyploids species. Notwithstanding, polyploids have 
great breeding values and characteristics (Otto 2007), such 
as enhancing plant biomass (Zhou et al. 2017), increasing 
species diversity (Soltis et al. 2009; Schneider et al. 2017), 
regulating potential metabolic (Soltis and Soltis 2009; Luo 
et al. 2018), and improving tolerance/genetic adaptability 
resistance to heterogeneous environment (Hollister 2014; 
Zhang et al. 2015; Oustric et al. 2017). Further, com-
pared with other variety methods, such as genome editing 
(Nadakuduti et al. 2018), polyploid breeding has a mini-
mal environmental impact. Accordingly, we hypothesized 
that polyploids may contribute to improve cold-tolerance 
ability and species diversity in P. auriculate plants.

Colchicine is a commonly used anti-mitotic agent that 
induces polyploidy in plants. However, this compound 
has high-cost and strong-toxicity to humans (Kong et al. 
2016). Recent decades, alternative colchicine has been 
gradually discovered. For example, herbicides such as 
pendimethalin and trifluralin have a high affinity for plant 
tubulin, which are less harmful to plants and humans 
with lower price (Liu et al. 2014). In recent years, the 
flow cytometry (FCM) has been a reliable technique for 
evaluating DNA ploidy levels in plants due to its greater 
ease of use, faster speed and higher accuracy (Tavan et al. 
2015; Saghahazrati et al. 2020). However, it is difficult 
to measure polyploids employing this protocol alone at 
a large scale because of its high price in related appara-
tus (Schurer et al. 2019). Since polyploids have obvious 
morphological features, such as large leaves, the induced 
polyploids can be first filtered by morphological varia-
tion and then identified by the FCM. The selected putative 
polyploid is then directly and accurately verified by chro-
mosome counting (Eng and Ho 2019). Therefore, these 
combinations by different methods can increase the effi-
ciency and cost savings of polyploid level identification.

Besides, the chlorophyll fluorescence, such as the min-
imal value of chlorophyll a fluorescence (Fo), maximal 

quantum yield of photosystem II (Fv/Fm) and maximum 
primary yield of photochemistry of PSII (Fv/Fo), are used 
to reflect the photosynthetic performance of plants under 
abiotic stress especially under temperature stress, which 
is a lossless, fast and easy way to get information in situ 
(Baker 2004; Banks 2017; Zhou et al. 2018). Previous 
publications have showed that the identification of cold-
tolerance using chlorophyll fluorescence has been success-
ful in many plants, such as watermelons (Hou et al. 2016) 
and walnuts plants (Dong et al. 2018). Additionally, dif-
ferent severities of cold-stress lead to physiological and 
biochemical changes in the plants (Karimi and Ershadi 
2015). For example, under cold stress, the leaf membrane 
permeability increases, and membrane integrity is dis-
rupted, resulting in membrane damage in plants. Based on 
the above backgrounds, the objectives of this study were 
to (1) investigate an efficient methodology for obtaining 
and identifying tetraploids of P. auriculata plants, and (2) 
examine the impacts of chromosome doubling in these 
studied plants.

Materials and methods

Plant materials and polyploidization

The plant materials were collected from the same batch of 
P. auriculata sterile buds (introduced by axillary buds) and 
stem segments, which were cultured in the laboratory of 
Landscape Architecture Institute at Sichuan Agricultural 
University, Chengdu, China. The culture-media conditions 
for this plant include pH of 5.8–6.0 in MS-media, room tem-
perature of 25 ± 1 °C, photoperiod of 12 h/day, and light 
intensity of 1500–2000 Lx. During the cultivation process, 
the Pendimethalin (Jiangsu Longlight Chemical Co., Ltd.) 
and Trifluralin (Jiangsu Longlight Chemical Co., Ltd.) were 
added into MS medium. The concentrations of these muta-
gens (i.e., Pendimethalin & Trifluralin) were arranged as 
400, 600, and 800 μM for the treatments of 7-, 14-, and 
21-day, respectively. In this study, each treatment contained 
90 collected samples with three replications. Under strict 
aseptic conditions, we decomposed into the treated ster-
ile buds into a single bud and then inserted them into the 
medium. The control group was blank MS-medium. After 
treatment, single buds were washed four to 5 five times with 
sterile water and then cultured in blank MS-medium. Each 
sterile stem was cut into segments of more than three leaves, 
and the rest for stems were the same as those for sterile buds. 
The survival rate and morphological-variation rate in the 
blank medium were observed and calculated after 30 days 
culture. Then, the top buds newly grown from the material 
were cultured in new MS-medium per 2-week, which was 
repeated six times to acquire purified tetraploids.
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Tetraploid identification

For flow cytometry analysis, we employed the FCM (BD 
FACSVerse flow cytometry, American) technology to iden-
tify the ploidy levels of the newly grown from sterile buds 
and stem segments. The light source was a 15 mw-488 nm 
argon ion laser with the channel of FL-2. The mature leaves 
of P. auriculata seedlings (2n = 2x = 12) with morphological 
variation (~ 0.1 g) were selected as an external standard. In 
briefly, 1.5 mL of Weibel–Palade-Body (WPB) cell lysate 
from precooled lysate was added to a Petri dish (Tian et al. 
2011). Then, a blade was used to quickly cut the leaf mate-
rial into the fine particles, and the material was submerged 
in the dissociation solution. The mixture was filtered twice 
with a 300-mesh nylon mesh, and the filtrate was placed in 
a 1.5 mL centrifuge tube. The supernatant was discarded 
by centrifugation at 1000×g for 5 min. Subsequently, 500 
μL of propidium iodide (PI) solution was added to a final 
concentration of 5 μg/mL. After dyeing, samples were meas-
ured using the FCM. Data were acquired using the sample 
acquisition software BD CSampler (BD FACSVerse flow 
cytometry, American), and at least 10,000 nuclei were col-
lected from each sample with three replicates.

For chromosome counting, plants with vigorous growth 
underwent the FCM testing after growing new roots. The 
plants initially identified as a polyploids were selected 
for chromosome counting. The plant root tips (~ 2 mm) 
were cut, and then were treated with 0.05% colchicine 
at 10–20 °C. After 2 h, samples were fixed at 4 °C with 
Carnot’s fixing solution (anhydrous ethanol: glacial acetic 
acid = 3:1) for 24 h. Immediately, the root tips were washed 
three times and placed in a water bath at 60 °C for 8 min to 
preheat the 1 M hydrochloric acid solution for good dye-
ing. Each plant root tip was stained in a cardo-red-dye for 
8 min and then compressed. Finally, the ploidy level (includ-
ing chromosome number) was identified by a microscope 
(Olympus BX53, Tokyo, Japan) with a 100-x objective lens.

Morphological and anatomical structure

Ten tetraploids and ten diploid plants with uniformly grown 
were selected for morphological trait analysis. In the present 
study, the basic morphological features such as stem length, 
flower diameter, stem diameter, leaf width and leaf length 
were measured. To avoid errors, all of these measurements 
were repeated three times. To further understand the effects 
of polyploidy on plant stomata, in our study, we thus meas-
ured the length and density of the stomata by the Olympus-
BX53 microscope (Olympus BX53, Tokyo, Japan).

For the anatomy traits, we also measured the leaves, stems 
and root tips of collected tetraploid and diploid plants fol-
lowing the previous protocol (Liu et al. 2014) employing the 
Olympus-BX53 microscope. In detail, the thickness of leaf, 

leaf-sponge tissue, root epidermal cells, stem epidermal cells, 
stem stratum corneum, root parenchyma; and diameter of roots 
and stems were investigated.

Tetraploid cold resistance testing

Forty tetraploids and diploids plants with similar size were cul-
tured in the cultivation substrate with nutrient soil, vermiculite 
and perlite (v:v:v = 1:1:1). The plants were placed in the intelli-
gent biochemical incubator (Ningbo Jiangnan Instrument Fac-
tory, China). The culture conditions were 25/20 °C (day/night), 
a photoperiod of 12 h/day, a light intensity of 6600 Lx and a 
relative humidity of 70%. To avoid damage to, the experiment 
adopts a step-by-step cooling method that is, cooling down to 
5 °C to ensure the adaptability of plants to low temperature. 
When the temperature dropped to 10/5 °C, the incubators were 
set to a constant temperature for 24 h at − 5 °C, 0 °C, 5 °C, and 
25 °C, where − 5 °C, 0 °C, and 5 °C were low-temperature 
treatments, and 25 °C was a normal temperature control. The 
other incubation conditions were the same.

The mid-upper and healthy leaf of plants were dark adapted 
for 30 min using a leaf clip (Hansatech Instrument, King’s 
Lynn, England). When measuring, the blade was evenly 
clamped in the leaf clip, and the direction and angle of the 
probe were consistent. Then, a Handy Plant-Efficiency-Ana-
lyzer (high speed continuous excitation fluorometer; Hansatch 
Instrument, King’s Lynn, England) was used to measure the 
Fo, Fm, Fv/Fm and Fv/Fo (Zhou et al. 2018). Besides, the 
damage level of the membrane can be measured by the relative 
electrical conductivity (REC; Zhou and Guo 2009). Malondi-
aldehyde (MDA) is a marker of excessive production of perox-
idic products. Lipid peroxidation are positively correlated with 
the extent of damage to plants exposed to low temperatures 
(Liu et al. 2011). The temperature gradient in which the chlo-
rophyll fluorescence parameters were significantly different 
was selected, and leaves were therefore collected to measure 
these cold-resistance physiological indicators according to the 
protocol of Li (2003).

Statistical analysis

Forms were produced in Microsoft Excel 2010 (Microsoft 
Corporation, Richmond, WA USA). Data were analyzed using 
SPSS 22.0 (SPSS Inc. Chicago, IL, USA). The results were 
subjected to one-way ANOVA, with an HSD-Tukey test in the 
post hoc analysis for comparisons among groups.
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Results

Analysis of the tetraploid induction method

In this study, the main peak of diploid was situated at a 
value of 6000, the main peak of tetraploid was situated 
at a value of 12,000 in the FCM histogram (Fig. 1). The 
chromosome counting analysis have further verified this 
finding (Fig. 2). As showed in Table 1, the survival rate 
for pendimethalin was higher than that for trifluralin at the 
same concentration and treatment time, while the survival 
rate of stem segments was generally higher than that of 
sterile buds under the same treatment. Moreover, the poly-
ploidization rate of pendimethalin was also higher than 

that of trifluralin, while the polyploidization rate of the 
sterile buds was higher than that of the stem. Therefore, we 
preliminarily speculated that the treatment of sterile buds 
with pendimethalin for 7 days was identified as the optimal 
treatment, with a survival rate of 60%, morphological vari-
ation rate of 79.63%, and polyploidization rate of 23.26%.

Characterization of tetraploid P. auriculata

In tetraploid plants, the leaf width, leaf length, stem diam-
eter and corolla diameter increased by 34.51%, 17.84%, 
22.99%, and 29.38%, respectively. However, no significant 
difference in stem length and leaf shape index were observed 
(Fig. 3; Table 2). The stomata size of diploid plants was 
10.0 × 3.51 μm, while the stomata size of tetraploid plants 

Fig. 1   The flow cytometric (FCM) identification of diploid and tetraploid

Fig. 2   Comparison of chro-
mosome number in root tip 
between diploid and tetra-
ploid. a Diploid root tip cells 
(2n = 2x = 12); b Tetraploid root 
tip cells (2n = 4x = 24)
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Table 1   Effect of two mutagens on stem segments and sterile buds

1 Survival rate = number of survival samples/number of treated samples
2 Morphology variation rate = number of morphology-variation samples/number of survival samples
3 Polyploidization rate = number of tetraploids/number of morphology-variation samples

Mutagen Concen-
tration 
(μM)

Treat-
ing time 
(day)

Number 
of sam-
ples

Sterile buds Sterile stems

Survival rate1 
(%)

Morphology 
variation rate2 
(%)

Polyploidi-
zation rate3 
(%)

Survival rate1 
(%)

Morphology 
variation rate2 
(%)

Polyploidiza-
tion rate3 (%)

Pendimethalin 400 7 90 66.67 26.67 6.25 90.00 41.98 0.00
14 90 61.11 34.55 5.26 65.56 28.81 0.00
21 90 43.33 20.51 12.50 43.33 17.95 0.00

600 7 90 64.44 25.86 6.67 77.78 57.14 0.00
14 90 54.44 32.65 6.25 65.56 61.02 0.00
21 90 25.56 39.13 11.11 41.11 29.73 9.09

800 7 90 60.00 79.63 23.26 68.89 66.13 9.76
14 90 35.56 53.13 11.76 56.67 62.75 6.25
21 90 10.00 55.56 20.00 28.89 19.23 0.00

Trifluralin 400 7 90 42.22 50.00 5.26 50.00 51.11 0.00
14 90 37.78 73.53 20.00 40.00 27.78 0.00
21 90 21.11 26.32 12.00 25.56 21.74 0.00

600 7 90 36.67 57.58 10.53 43.33 56.41 9.09
14 90 25.56 39.13 11.11 32.22 55.17 0.00
21 90 16.67 53.33 12.50 28.89 30.77 0.00

800 7 90 34.44 58.06 11.11 42.22 52.63 0.00
14 90 24.44 36.36 12.50 28.89 53.85 0.00
21 90 10.00 66.67 16.67 13.33 50.00 0.00

Fig. 3   Comparison of morphological characteristics between tetraploid and diploid. a Diploid plants; b Tetraploid plants; c Diploid and tetra-
ploid flowers and leaves (Plumbago auriculata plants cultured in the soil after 60 days)

Table 2   Comparison of morphological characteristics of diploid and tetraploid

Different letters (a, b) indicating statistically significant differences by one-way ANOVA between diploid and autotetraploid in the same indica-
tor (P ≤ 0.05)
1 Leaf shape index = leaf length/leaf width
2 The length of the longest stem of each pot from the soil surface to the tip of the stem
3 The diameter of the stem is specifically the thickness of the stem 3 cm from the ground

Plant Leaf width (mm) Leaf length (mm) Leaf shape index1 Stem length2 (cm) Stem diameter3 (mm) Flower diameter (mm)

2x 19.87 ± 0.87a 40.27 ± 1.47a 2.04 ± 0.78a 27.67 ± 0.3a 3.48 ± 0.15a 26.45 ± 0.41a
4x 26.73 ± 1.50b 47.46 ± 2.97b 1.78 ± 0.08a 27.56 ± 1.00a 4.28 ± 0.96b 34.22 ± 0.74b
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was 10.29 × 4.18 μm. The width of stomatal and guard-cell, 
and the length of guard-cell increased by 19.09%, 9.71% 
and 10.66, respectively. The stomatal density decreased 
by 16.67% compared to the control (Fig. 4; Table 3). The 
leaves of the tetraploid were thicker than those of the dip-
loid, while the sponge tissue of the tetraploid leaves was 
thickened by 68.80%. The vascular bundle diameter of the 
tetraploid leaves was slightly reduced, but the number was 
increased. The diameter of the tetraploid roots increased by 
26.78%, while the root parenchyma thickness of the tetra-
ploid increased by 22.36%. Interestingly, no significant dif-
ference between the thickness of stem epidermal cell and 
root epidermal cell in tetraploid and diploid plants was 
recorded (Table 4).

Analysis of cold resistance of tetraploid and diploid 
plants

At 5 °C, the upper leaves of the tetraploid were slightly 
wilted, while the leaves and the upper stems of the diploid 
were wilting (Fig. 5). However, there was no significant dif-
ference in Fo, Fv/Fm and Fv/Fo between the tetraploid and 
diploid plants (Fig. 6). At 0 °C, the tetraploid stem tip was 
wilting, and the main stem of the diploid was wilting. The 
Fo of the diploid was higher than that of the tetraploid, but 
the Fv/Fm and Fv/Fo of the diploid was lower than that of 
the tetraploid. At − 5 °C, some leaves of the tetraploid were 
wilted, but the main stem of the tetraploid stood upright. 
All the leaves of the diploid and most stems of the diploid 
were wilted. The Fo of the diploid was higher (by 16.76%) 
than that of the tetraploid, but the Fv/Fm and Fv/Fo of the 
diploid was lower (by ca. 50%) than that of the tetraploid. 
Compared with the control, the REC of diploid and tetra-
ploid was increased by 109.62%, 66.51%, while the MDA 
content of diploid and tetraploid was increased by 181.84%, 
80.42% (Table 5).

Discussion

Method for polyploidization of P. auriculata 
and identification of tetraploids

In polyploidization, as colchicine is toxic and expensive, 
colchicine is often replaced by less toxic and cheaper herbi-
cides, such as pendimethalin, oryzalin or trifluralin (Dim-
itrov 2000; Denaeghel et al. 2018; Podwyszyńska et al. 
2018). For example, colchicine and oryzalin can induce 
polyploid plants Hebe ‘Oratia Beauty’ (Gallone et al. 2014). 
Due to the low survival rate and polyploidization rate of 
trifluralin, in our study, pendimethalin is more suitable than 
trifluralin for the polyploidization of P. auriculate plants. 
However, few reports regarding pendimethalin were found 

in recent decades. One explanation is that mixoploid plants 
may result in the current appearance. Due to different growth 
speeds, the original cells eliminate polyploid cells, which 
makes mixoploids unstable (Hussy and Falavigna 1980; 
Regalado et al. 2015). Further, using multicellular organs as 
initial explants may increase the mixoploid rates (Cai et al. 
2015; Zhou et al. 2017). Besides, leaves and flowers are 
larger and stems are thicker in tetraploids than in diploids 
of our studied plants, which is consistent with the conclu-
sions of Gallone et al. (2014). However, previous studied 
have shown that the tetraploid structure was not tighter 
than the diploid (Tavan et al. 2015; Regalado et al. 2017). 
Therefore, we speculate that the amount of morphological 
differences of polyploids is dependent on the plant species 
and the ploidy level (Leitch and Bennett 1997; Denaeghel 
et al. 2018).

To avoid mixoploid plants, a recent effective solution is 
the use of calluses as the initial explants. For example, pre-
vious studies have shown that a method of obtaining poly-
ploids without mixing multiples by callus and in vivo shoot 
regeneration can speed up the process of multiple sports (Shi 
et al. 2015). However, it takes at least three years to purify 
the plants and flower in the fields. According to our results, 
interestingly, the mixoploidy problem can also be effectively 
solved by inoculating newly grown apical buds into the new 
medium, although the initial explants were not callusing. 
This is consistent with the findings of Zhou et al. (2017). 
Calluses could decrease the occurrence of mixoploid plants, 
but it is time-consuming to regenerate calluses to a complete 
plant from buds (Regalado et al. 2015; Podwyszyńska et al. 
2018). The speed of regeneration is based on the plant spe-
cies. For P. auriculata, the speed of regeneration of sterile 
buds and stem segments is fast, while sterile buds were bet-
ter than stem segments at increasing the polyploidization 
rate. Our finding will help save the time spent by the intro-
duction of calluses in vivo.

Chromosome accounting is usually the most straight-
forward way to determine ploidy. However, the numbers of 
variables and treatment gradients involved in the exploration 
of polyploid induction methods are large, resulting in a large 
sample size for identification (Lei et al. 2016). Therefore, 
the use of chromosome counting methods is time consum-
ing, laborious and difficult. In recent years, the combination 
of indirect recognition methods such as morphology and 
FCM has shown significant advantages, although they each 
have their own shortcomings (Regalado et al. 2015, 2017; 
Eng and Ho 2019). Morphological identification can greatly 
reduce the workload, but its accuracy is insufficient. The 
disadvantage of FCM is that the instrument is expensive 
(Saghahazrati et al. 2020), making it unpopular when many 
samples must be identified, and information on aspects such 
as chromosome morphology and karyotype cannot be pro-
vided by the FCM (Schurer et al. 2019). In this study, our 
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Fig. 4   Comparison of tetraploid 
and diploid anatomical struc-
tures. a Tetraploid stomata; b 
Diploid stomata; c, e Tetraploid 
leaf cross section; d, f Diploid 
leaf cross section; g Tetraploid 
root cross-section; h Diploid 
root cross-section; i tetraploid 
stem cross-section; j diploid 
stem cross-section, Plumbago 
auriculata plants cultured in 
MS medium for 45 days
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morphologically mutated plants were first screened using 
the FCM, and the tetraploids identified by the FCM were 
identified again by chromosome counting.

Anatomical structure changes of tetraploids 
contribute to cold tolerance

Previous studies have confirmed that a low resource require-
ment leads to the poly-tolerance of polyploids, which may 
be caused by the overexpression of certain genes under dif-
ferent abiotic stresses (Deng et al. 2012; Yeap et al. 2018). 
Studies showed that significant changes in leaf anatomical 
structure are caused by polyploidization, which also has an 
important regulatory effect on the photosystems of polyploid 
plants because of its higher light energy requirements (Cao 
et al. 2018). In the present study, we thus investigated the 

anatomical changes in polyploid P. auriculata under cold 
stresses. Our study showed that the P. auriculata tetraploid 
had thickened sponge tissue, widened leaf stomata, and an 
increased guard cell size, which may increase the chloroplast 
content, thereby enhancing the photosynthesis of tetraploids 
(Cao et al. 2018; Porcel et al. 2018). In other studies, it has 
also been shown that tetraploid thickened root parenchyma 
provides more support for plants under adverse conditions. 
(Qiang 2006; Mao et al. 2018).

Chlorophyll fluorescence parameters are sensitive to vari-
ous stress and are ideal indicators for identifying plant stress 
resistance (Baker 2004). Among them, Fo reflects the degree 
of permanent damage to plant leaf PSII, and the degree of 
environmental stress is often indicated by Fv/Fm. When 
plants are subjected to extreme natural conditions, such as 
extreme temperature (Du et al. 2012), the Fv/Fm values of 

Table 3   Comparison of the 
stomatal characteristics of 
diploid and tetraploid

Different letters (a,b) indicating statistically significant differences by one-way ANOVA between diploid 
and autotetraploid in the same indicator (P ≤ 0.05)

Plantlet leaf Stomata Guard cells Stomatal density

Length (μm) Width (μm) Length (μm) Width (μm)

2x 10.00 ± 0.20a 3.51 ± 0.11b 19.70 ± 0.30b 17.50 ± 0.27b 18.33a
4x 10.29 ± 0.43a 4.18 ± 0.22a 21.80 ± 0.84a 19.20 ± 0.60a 15.03b

Table 4   Comparison of tissue structure between diploid and tetraploid

Different letters (a,b) indicating statistically significant differences by one-way ANOVA between diploid and autotetraploid in the same indicator 
(P ≤ 0.05)

Plant Leaf spongy 
tissue thickness 
(μm)

Leaf thickness (μm) Root diameter (μm) Root epidermal 
cell thickness 
(μm)

Root paren-
chyma thickness 
(μm)

Stem epidermal 
cell thickness 
(μm)

Stem collen-
chyma thickness 
(μm)

2x 31.76 ± 1.97a 77.76 ± 1.41a 368.6 ± 5.42a 17.94 ± 1.19a 101.42 ± 4.33a 18.03 ± 0.56a 61.04 ± 1.53a
4x 53.62 ± 2.28b 144.9 ± 12.7b 467.33 ± 4.92b 18.91 ± 1.06a 118.72 ± 6.26a 17.59 ± 0.47a 72.28 ± 3.28b

Fig. 5   Effect of low temperature stress on the growth of the polyploid and diploid. 25 °C: low temperature stress 0 days; 5 °C: low temperature 
stress 1 days; 0 °C: low temperature stress 1 days; − 5 °C: low temperature stress 1 day
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the plant leaves decreased (less than normal value of 0.8). 
Moreover, Fv/Fo reflects the potential activity of PSII (Hou 
et al. 2016; Dong et al. 2018). In our study, compared to the 
tetraploid, the Fv/Fm and Fv/Fo of the diploid decreased 
but the Fo of the diploid increased, revealing that the cold 
resistance of tetraploid plants is better than that of diploid 

plants. This result is consistent with the results of Liu et al. 
(2011). One of the main explanations is that the light energy 
capture efficiency of the diploid PSII antenna pigment is 
low, which leads to the blade not fully absorbing light energy 
for photosynthesis, thus reducing the maximum photochemi-
cal efficiency of PSII (Baker 2004; Banks 2017; Zhou et al. 
2018). Thus, the better PSII activity of P auriculata tetra-
ploids compared to diploids may be caused by the significant 
changes in the leaf, stem and root anatomical structures.

Additionally, the stability of plant membrane system is 
an important indicator for evaluating the strength of plant 
resistance. Among them, MDA is the final product of mem-
brane lipid peroxidation, indicating cell membrane damage 
in plants under adverse conditions (Wang et al. 2017). In 
this study, under low-temperature stress, the increase of the 
diploid REC and MDA is twice than that of the tetraploid. 
In detail, 5 °C had little effect on the tetraploid, and made 
the diploid wilt slightly. However, 0 °C and − 5 °C greatly 
weakened the photosynthetic capacity of the diploids, while 
the tetraploids had better cold tolerance. The results indi-
cated that the stability of the tetraploid plant membrane 
system is better than that of the diploid. This finding is con-
sistent with the chlorophyll fluorescence parameter results 
(Oustric et al. 2017).

Conclusions

To our knowledge, we have successfully developed a fast, 
easy and feasible method for the polyploidization of P. 
auriculata plants firstly. Our study has demonstrated that for 
this polyploidization, pendimethalin is superior to triflura-
lin, while in vitro induction is superior to in vivo induction. 
Besides, the tetraploid of P. auriculata had larger leaves, 
thicker stems, and larger flowers than the diploid, proving 
that the cold resistance of the tetraploid was better. The fea-
sibility of using morphological characteristics and the FCM 
as an indirect identification method was verified. Further, 
the rapid and accurate polyploid identification technology 
is summarized in the current study, which can improve the 
identification efficiency of polyploids and greatly reduce the 
associated workload. Taken together, our findings provide 
a technical and theoretical support for the cold-tolerance 
breeding and have important practical significance for 
enriching the germplasm resources of new varieties of P. 
auriculate plants.
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