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ABSTRACT

Phytohormones play important roles in plant growth and development, and polyploids are thought to be an
important method for plant breeding. However, the relationship between ploidy and phytohormone is still
unclear. In this study, barley at three ploidy levels were produced by microspore culture. Therefore, we further
analyzed the phytohormone content in the shoots and roots of the three kinds of barley materials to study the
effect of ploidy on phytohormones accumulation and distribution. The results showed that Abscisic acid
(ABA), gibberellin (GA), jasmonic acid (JA), auxin (IAA), salicylic acid (SA) and cytokinin (CTK) were success-
fully determined in shoots and roots using LC-MS (liquid chromatography mass spectrometry). By comparing the
shoots of the haploid and diploid plants, it was found that the distribution trend of the six phytohormones was
consistent, and another consistent trend was found in the roots of the diploid and tetraploid plants. In addition,
we further analyzed the shoot/root ratio of the different phytohormones to identify the potential differences for
haploid, diploid and tetraploid. Here, the relationship between ploidy and phytohormone we provided would pro-
vide new insights into understanding the new phenotypes that occur in polyploid species.
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1 Introduction

The new phenotype normally occurs in natural polyploidy and has certain advantages in agriculture
applications. Polyploidy is considered to be an important force influencing the evolution of eukaryotes,
especially flowering plants [1]. Many important crops, such as wheat, soybean, cotton or rapeseed, are
almost the selective result of spontaneous interspecific hybridization and then undergo a process of
polyploidization. In most cases, the percentage of polyploids in angiosperms is estimated to be about 70% [1].

Barley is the fourth largest cereal crop produced in the world. Interestingly, barley is also suitable for
polyploidy research. One reason for this characteristic is that barley has a high self-breeding rate and its
genetic background is not easy to cross. Moreover, barley is one of the cereal crops that have a high
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response to embryogenesis and can effectively regenerate homozygous plants [2,3]. In the process of
embryogenesis, the genome copies of some special plant cells can automatically replicate themselves,
eventually forming aneuploidy plants [4]. Thus, these crucial points give barley advantages for use as a
potential crop in producing the polyploid materials.

Phytohormones are crucial to the development of plants. In view of the morphology form of plant, the
vegetative phase of plant development can be divided into an overground part and an underground part. The
leaves and stems make up the overground part (also called shoot), and the underground part is mainly
composed of roots. Many factors, including soil nutrition, humidity, temperature, light and plant growth
regulators, could affect the physiological growth activities of the plant overground and underground part.
Among these factors, the plant growth regulators phytohormones could regulate various biological
processes for the plants overground and underground parts. For example, auxin is the first plant growth
phytohormone discovered and has been proven to be the central regulator for root growth [5]. Cytokinin
(CTK) stimulates root cell division [6]. Abscisic acid (ABA) and enthylene (ETH) are involved in
OsNAC2-regulated pathway to regulate plant seedling morphogenesis [7]. Gibberellin (GA) controls seed
germination and plays an important role in the ‘green revolution’ [8]. Salicylic acid (SA) and jasmonic
acid (JA) act as the important signal molecules during the immune and defense responses of plants [9,10].

A convenient way to study the effects of polyploid on phenotypes is to use a series of plants with
different ploidy levels. Dana et al. [11] simultaneously quantified the cell and organ sizes of the sepals of
Arabidopsis diploid, tetraploid, and octoploid plants and examined the proportional relationship between
ploidy and size. Xiang et al. [12] found that a significant difference of morphology, physiology and
tolerance between autotetraploid (4x = 44) Stevia rebaudiana (bertoni) and its diploids (2x = 22). Wang
et al. [13] also found that autotetraploid Paulownia australis plants exhibited superior traits compared
with their diploid progenitors. In addition, the autopolyploid cabbage and maize had also been reported to
affect the ultimate phenotypes [14,15].

As discussed above, the phytohormones could regulate phenotype, and the different ploidy levels could
also influence phenotype. However, to date, the relationship between the phytohormones and the different
ploidy levels of plants is unclear. Here, we chose to use barley to solve this problem, as barley is a good
model for genetic and physiology research [16,17]. The haploid, diploid and tetraploid barley plants were
successfully obtained through microspore in vitro culture by barley cultivar Hua-30. Finally, 6 kinds of
phytohormones were successfully detected by using liquid chromatography-mass spectrometry (LC-MS)
technology, and phytohormones distribution characteristics (root/shoot ratio) of haploid, diploid and
tetraploid were analyzed.

2 Materials and Methods

2.1 Plant Materials Construction
The barley cultivar “Hua-30”, two-row spring barley, was applied in isolated microspore culture.

2.1.1 Extraction Solution (ES), Pretreatment Solution (PS) and Medium Preparation

First, 27.2 mg KH,PO,4, 246.0 mg MgS0O,42H,O, 101.0 mg KNO; and 1480.0 mg CaCl,-2H,0
dissolved into 1000 ml sterilized water to achieve solution CPW. Then, 0.3 mol mannitol dissolved into
1000 ml CPW solution to obtain extraction solution ES. And 10 mg colchicine dissolved into ES solution
to obtain pretreatment solution PS. The induction medium was prepared by adding 0.5 mg KT, 0.5 mg
2,4-D and 90 g maltose into 1000 ml N6 medium. For differentiation medium preparation, 0.5 mg 6-BA,
1.5 mg KT, 0.05 mg NAA and 30 g maltose were added into 1000 ml MS medium. The treatment
solution and culture medium were used after filter-sterilization.
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2.1.2 Microspore Culture

Panicles from main stems containing early- and middle-stage uninucleate microspores were collected
and put at a 4°C refrigerator before this experiment. During the inoculation period, panicles were
disinfected in saturated bleach solution for 15 min and were washed 3 times with sterile water. Then, ten
panicles were transferred into a test tube including 15 ml extract. Mixed liquids were cut using a high-
speed rotary disperser and filtered through a 150-mesh screen to produce filtrate. The filtrate was
centrifuged for 5 min at 100 g at room temperature, and the microspores were gently resuspended in
pretreatment liquid and placed for 2 days at 25°C in the dark. Microspores were washed once with
induction medium before being cultured, and then the induction medium was used to adjust microspore
density to 2.0 x 10°~3.0 x 10°/ml. The 4 ml microspore suspension was inoculated into a 60-mm x
15-mm petri dish and tightly sealed with parafilm and cultured at 25°C in dark.

2.1.3 Embryoid Body Regeneration
The embryoid body formation on the 21st day in induction medium was transferred to the differentiation
medium, and the seedlings with roots and green leaves were marked for further ploidy identification.

2.1.4 Flow Cytometry Analysis of Ploidy

The fine suspension was achieved by gently grinding the 1.5 ¢cm barley leaves into 1.5 mL EP tubes
using liquid nitrogen. 0.5 mL LB-01 buffer (Tris 15 mmol - L', Na,EDTA-2H,0 2 mmol - L7,
Spermine 0.5 mmol - L_l, KC1 80 mmol - L_l, NaCl 20 mmol - L_l, Trixon X-100 0.1%) and 0.2 mL
PI/RNase staining buffer (BD#3179921) were added and pipetted up and down quickly five times. The
suspension was placed on an ice-water mixture and protected from light for 20 min, and then was filtered
through nylon mesh (pore size, 37.5 pm; Tokyo Screen Co., Japan), the harvested filtrate was transferred
to a new EP tube. The cellular ploidy was detected by flow cytometry (BD Accrui C6) and analyzed via
BD Accuri C6 Software.

2.1.5 Checking the Chromosome Number in Root-Tip Cells by Microscopy

First, 2 cm roots were cut at a fixed distance from the root tip at 8:30~9:00, next, the roots were
transferred into 1.5 ml centrifuge tubes containing 1 ml of colchicine (0.1%), the tubes were treated in the
cell culture incubator at 13°C for 3 h. Subsequently, roots in the tubes were washed three times in
distilled water (5 min/wash), excess water removed with absorbent tissue paper and transferred into new
EP tubes, immediately 1 ml of Carnoy’s fixative was added for 24 h to make slices. Using acetic acid
magenta solution to stain for roots and observing the chromosome number from slides pre-soaked in 45%
glacial acetic acid.

2.2 Planting Plants in a Climate-Controlled Room and Plants Conservation

After the above series of operations, haploid, diploid and tetraploid seedlings were selected, followed by
growing in a climate-controlled room. Briefly, seedlings were grown in half-strength Hoagland nutrient
solution for 4 to 6 weeks for the production of new fine roots, with a nutrient solution change every three
days. Then, uniform haploid, diploid and tetraploid seedlings were fixed on a plastic sheet and grown in a
plastic box filled to the half with tap water, after 3 days, we used Hoagland nutrient solution to replace
water, with a change every three days. After 2 weeks, shoots and roots derived from the haploid, diploid
and tetraploid were separately collected as one biological replicate from three plates.

Seeds were harvested from each independent plant, the ploidy levels of the haploid, diploid and
tetraploid were further confirmed according to its pollen fertility. Seeds of diploid and tetraploid were
harvested. The brief method of haploid plants subculture is described as follows. First, the
plants identified as haploids were transferred from strong seedling rooting medium (1/2 MS + NAA
0.05 mg - L' + chlormequat chloride 3.0 mg - L™ + sucrose 30 g - L' + agar powder 6.0 g - L™") to
basic medium (1/2 MS + TDZ 0.5 mg - L™ + chlormequat chloride 1.0 mg - L™" + sucrose 30 g - L' + agar
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powder 6.0 g - L™"). The stages of proliferation and subculture were implemented in the basic medium and
the frequency of subculture was planned for once every 4—6 weeks. After 5 subculture periods, the haploid
plants were transferred to the strong seedling rooting medium, and the ploidy of each line was checked again
by the above two methods.

2.3 Phytohormones Extraction and Ultra-High-Performance Liquid Chromatography

The phytohormones determination was performed by Shanghai Luming Biotechnology Co., Ltd. (China).
Chloroform and ultrasound disruption were used to extract phytohormones from leaf samples. After
evaporation, reconstitute the samples with methanol: water: formic acid (7.9:2:0.1) in an ice bath. The MS
system included of an APIS500 triple quadrupole (AB Sciex), an ESI source, and an Analyst 1.6.2 software
workstation. Use the ESI source to perform a Multiple Reaction Detection Mode (MRM) analysis with
positive and negative ion scanning. The MS conditions were as follows: CUR (Curtain Gas): 30 Psi; CAD
(Collision Gas): 8 Psi; IS (IonSpray Voltage): 3000 V; TEM (Temperature): 500°C; GS1 (Ion Source Gasl):
35 Psi; GS2 (Ion Source Gas2): 45 Psi. The chromatographic system uses Waters high-performance liquid
chromatograph and ACQUITY UPLC BEH C18 liquid chromatography column (2.1 x 100 mm, 1.7 pm).
The column temperature is 40°C, and the injection volume is 5 pL. The gradient elution conditions of
mobile phase A is 0.1% formic acid in water and B is 0.1% formic acid in acetonitrile.

2.4 Data Statistical Analysis

The values for shoot length, root length, the number of tillers and the phytohormones content are mean
values with corresponding standard error (i.e., mean = SE). Each phenotypic parameter includes three
biological repetitions. In analyzing the content of phytohormones in shoots and roots of haploid, diploid
and tetraploid barley plants, one-way analysis of variance (ANOVA) followed by Fisher’s LSD multiple
comparison test was carried out by using SPSS 24.0. In analyzing the shoot/root ratio of the
phytohormones, statistical analysis was performed using the two tailed unpaired Student’s t-test.
* represents the P value < 0.05, ** represents the P value < 0.01, ns indicates not significant difference.

3 Results

3.1 Materials Creation

We grew the barley cultivar (Hordeum vulgare L. cv. Hua-30) at China Shanghai Academy of
Agriculture Sciences (31°22'N, 121°33'E) in November 2017. Panicles from cv. Hua-30 were collected in
March 2018, followed by the isolation and cultivation of microspores, and further “embryoid body
regeneration” and “ploidy identification” stages were the following steps (Fig. 2A). For the confirmation
of haploid, diploid and tetraploid (Fig. 2B), a preliminary identification was carried out using flow
cytometry technology. The peaks of flow cytometry that located in ‘1C” were from haploid (Fig. 1A),
while the peaks that located in ‘2C° and ‘4C’ respectively were from diploid (Fig. 1B) and tetraploid
(Fig. 1C). In addition, the chromosome number was measured by a Zeiss Axioskop microscope at 100x
magnification, results showed that the root cell of haploid had 8 chromosomes (Fig. 1D), the diploid had
16 chromosomes (Fig. 1E) and the tetraploid had 24 chromosomes (Fig. 1F).

3.2 Phenotypic Observation of Haploid, Diploid and Tetraploid

Observation of the seedling morphology at the sampling stage indicated that the haploid plant showed a
highly significant lower shoot height than the diploid plant (P < 0.01), and the shoot length of the tetraploid
plant had no significant difference with haploid, or diploid (Fig. 2C). For analysis of root length, the
difference between the haploid, diploid or tetraploid plants reached a statistically significant level
(P < 0.05) (Fig. 2D). Finally, we found that the haploid plant had 5~6 tillers, diploid had 4~5 tillers,
while tetraploid had only 1 tiller (Fig. 2E).
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Figure 1: Flow cytometric identification of haploid (A), diploid (B) and tetraploid (C). Fluorescence microscope
identification of chromosome numbers in root tips cells separately for haploid (D), diploid (E) and tetraploid (F)
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Figure 2: (A) Schematic drawings of material creation. (B) Seedling morphological observation of the materials
at three different ploidy levels, bar = 1 cm. Statistical analysis of shoot length (cm) (C), root length (cm) (D) and
the number of tillers (E) for haploid, tetraploid and diploid. Note, significant level was P < 0.05
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3.3 Detection and Analysis of Phytohormones in Haploid, Diploid and Tetraploid

Totally, six kinds of phytohormones were detected in shoots and roots of haploid, diploid and tetraploid.
Among the haploid, diploid and tetraploid plants, JA displayed the highest content in shoots and roots.
Interestingly, by comparing the shoots of the haploid and diploid plants, it was found that the distribution
trend of the six phytohormones was consistent (Fig. 3 red frame), while another consistent trend was
found in the roots of the diploid and tetraploid plants (Fig. 3 purple frame). More, for comparison of the
distribution trend between shoot and root of the haploid plant, we found that the distribution trend was
not consistent (Fig. 3), this is the same as the diploid and tetraploid plant.
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Figure 3: Analysis of the content of the six kinds of phytohormones in shoots and roots of the haploid,
diploid and tetraploid plants. (A, B) represent the haploid plant, (C, D) represent the diploid plant, (E, F)
represent the tetraploid plant. Note, significant level was P < 0.05

3.4 Analysis of Phytohormones Ratio (Shoot/Root) in Haploid, Diploid and Tetraploid

Considering that phytohormones have a great influence on the overground and underground parts of
plants (see introduction), therefore, mining which hormones among the haploid, diploid and tetraploid
plants tend to be enriched in shoot, and which hormones tend to be enriched in root, has certain reference
significance in analyzing the phenotypic differences between the haploid, diploid, and tetraploid plants.
Based on the significant results, in haploid plants, we found that the ABA content in the shoot was higher
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than the root (P < 0.05), while the haploid root contained higher JA (P <0.05), SA (P<0.01), GA (P<0.01)
and IAA (P <0.01) content. In diploid plants, comparing to the root, the shoot had higher CTK content (P <
0.01), while the root had higher JA (P < 0.01), GA (P <0.01), IAA (P <0.01) content. In tetraploid plants,
the CTK content in the shoot was higher (P < 0.01) than the root, but the contents of JA (P <0.01), SA (P <
0.05), GA (P <0.01) and TAA (P < 0.01) in the root were higher (Figs. 4 and 5).
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Figure 4: Statistical analysis of the shoot/root ratio for ABA, JA, SA, GA, IAA and CTK in haploid, diploid
and tetraploid. * represents P < 0.05, ** represents P < 0.01

4 Discussion

Our results showed that the distribution trend of six phytohormones (i.e., ABA, GA, JA, IAA, SA and
CTK) in diploid root was consistent with tetraploid root. From diploid to tetraploid, it is a process of genome
duplication. Genome duplication leads to a good interaction between individual copies of genome in the
offspring. Compared to their parent species, this characteristic can permanently change their internal
genetic mechanisms and produce new phenotypes [1,18]. Our results are beneficial for the mechanisms
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study of the new phenotypes that occur in polyploidy. More, the accumulation characteristics of the different
phytohormones we provided could be expanded to analyze the potential differences between haploid, diploid
and tetraploid.
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Figure 5: Summary of those phytohormones with significant difference between shoots and roots in
haploid, diploid and tetraploid. * represents P < 0.05, ** represents P < 0.01

In recent years, the roles of polyploidy in regulating plant metabolism and physiology had been studied
widely [19-22], however, those conclusions were miscellaneous [23], one major reason we drew was that the
genome copies of the polyploid were usually from different parental species (allopolyploidy), rather than
multiple copies of the same genome (autopolyploidy), the pure genome duplication effect could be easily
mixed by other genetic factors, such as the allele effect [24].

To overcome this defect and draw a clear conclusion on the pure genome duplication effects, this article
used an efficient microspore regeneration experimental system based on barley cv. Hua-30, successfully
produced the haploid, diploid and tetraploid homozygous lines. And, an earlier study also supported that
it was possible to induce uninucleate microspores to obtain fully homozygous diploid plants [3]. In
addition, the effects we investigated by using the haploid, diploid and tetraploid homozygous lines we
created could also be called “fixed heterosis” [25,26], the fact was that the “fixed heterosis” would not be
lost during inbreeding.

Last, the reason for we selected phytohormone was that one study had showed that in the comparative
analysis of proteomics, autotetraploids and diploids Brassica napus were no significant difference [27].
Thus, we concluded that selection of a suitable sensitive phenotypic parameter for investigating the
effects of genome duplication was important.

In conclusion, through providing a first work of describing the effects of doubling the barley genome
copies on phytohormones accumulation and distribution, we provided a certain meaningful way to help to
understand the mechanisms of new phenomenon produced in polyploidy crops.
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