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Summary
As the gene pool is exposed to both strain on land resources and a lack of diversity in elite
allotetraploid cotton, the acquisition and identification of novel alleles has taken on epic
importance in facilitating cotton genetic improvement and functional genomics research. Ethyl
methanesulfonate (EMS) is an excellent mutagen induces genome-wide efficient mutations to
activate the mutagenic potential of plants with many advantages. The present study established,
determined and verified the experimental procedure suitable for EMS based mutant library
construction as the general reference guide in allotetraploid upland cotton. This optimized method
and procedure are efficient, and abundant EMS mutant library (~12, 000) in allotetraploid cotton
were successfully obtained. More than 20 mutant phenotypes were observed and screened,
including phenotypes of the leaf, flower, fruit, fiber, and plant architecture. Through the plants
mutant library, high throughput and high resolution melting (HRM) technology based variation
evaluation detected the EMS induced site mutation. Additionally, based on overall genome-wide
mutation analyses by re-sequencing and mutant library assessment, the examination results
demonstrated the ideal quality of the cotton EMS-treated mutant library constructed in this study
with appropriate high mutation density and saturated genome. What’s more, the collection is
composed of a broad repertoire of mutants which is the valuable resource for basic genetic
research and functional genomics underlying complex allotetraploid traits, as well as cotton
breeding.

Introduction
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Cotton is one of the most important crops and has great economic significance; it is the most
widely cultivated plant globally because of its white fiber. Cotton belongs to the family Malvaceae,
which consists of 46 diploid (2n=2x=26) and 5 allotetraploid (2n=4x=52) species. Four species of
cotton are widely cultivated among many varieties; the major allotetraploid cotton species are
upland cotton (G. hirsutum L.) , then Sea Island cotton (G. barbadense L.), and two other species,
G. arboreum L.,G. herbaceum L.(Li et al., 2019).
Currently, with the growth of the world population, increase of food demand and the limited

farmland area, it is difficult to give cash crops such as major upland cotton sufficient space to
grow. Therefore, it is urgent to improve the breeding speed of new varieties with excellent
agronomic and the economic traits.
Traditional breeding approaches have indeed made outstanding contributions to the

cultivation of cotton varieties; however, great loss of genetic potential will result from the
continuous biased manipulation of available variability in cotton germplasm. In this scenario,
mutation can widen the genetic base diversity and bring changes in functional genes to create
more germplasms (Xu et al., 2017). Additionally, the identification and analysis of plant gene
mutants is the basis of gene function research, and the establishment of a mutant library can
provide resources for molecular biology research (Wang et al., 2017; Su et al., 2018).
Mutations are the primary agents of long-term evolution, but the rate of spontaneous mutation

is extremely low (Drake et al., 1998). Therefore, it is necessary to select appropriate technical
means for artificial mutagenesis. Chemical and physical mutagens induction are the better choices
to create mutants (Sevanthi et al., 2018). And time consuming and costly in cotton species renders
physical mutagens impractical. In contrast, a wide range of genetic mutation options are provided
by chemical mutagenesis in easy and cost-effective ways (Aslam et al., 2016). Among the
chemical mutagenic sources, EMS is an excellent mutagen that activates the mutagenic potential
of plants and has been extensively adopted in plant improvement research (Greene et al., 2003).
EMS is a kind of chemical mutagenesis agent that replaces the G:C pairing at the base level

with any other base pairing mode through 3-ethyladenine pairing errors inducing 2 to 10
mutations/Mb of diploid DNA. It is therefore considered a useful tool for targeting induced local
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lesions in genomes (Till et al., 2007). EMS has the advantages of simple operation, efficient
mutation frequency and shortening the traditional breeding years. In recent years, the mutagenesis
in Arabidopsis thaliana (Chiu et al., 2007), soybean (Tsuda et al., 2015), peanut (Fang et al.,
2012), wheat (Okubara et al., 2009), maize (Brunelle et al., 2017) and rice (Yugandhar et al., 2018)
with EMS has achieved promising results.
In mutagenesis, suitable mutagen doses are required to achieve ideal results. It is commonly

considered that mutagen doses inducing around 50% lethality (LD50) among M1 plants are
appropriate due to their high mutation rates (Ke et al., 2019). In the few reported experiments of

cotton treated with EMS, the experimenters followed previously published basic protocols
(Herring et al., 2004; Patel et al., 2014). However, the cotton specific optimized EMS treatment

condition of the dose and duration of time for cottonseeds in EMS solution have not been
determined (Lowery et al., 2007). Hence, it is very important and necessary to explore EMS

mutagenesis treatment for the cottonseeds and establish the general optimal condition and the
appropriate protocol as the reference for other experimenters on the other universal G. hirsutum L

germplasm.
High resolution melting (HRM) analysis has been indicated to be a useful tool to genotype

EMS mutants in crops (Lochlainn et al., 2011). The principle is that saturating dye can bind tightly
to the DNA duplex and allow for precise monitoring of the change in fluorescence caused by the
release of an intercalating DNA dye from a DNA duplex as it denatures at high temperatures
(Rouleau et al., 2009). Due to the differences between wild-type and EMS mutant samples, such
as gene length and the mutation content and distribution of GC base pairs, the melting curve shape
due to each duplex having a characteristic melting temperature after PCR amplification can show
mutations at the base level (Reed et al., 2004; Montgomery et al., 2007). Moreover, HRM has
many advantages, such as eliminating the risk of contamination during scanning, having a
moderate price, and reducing processing time (Gentile et al., 2012). Therefore, this technology
was used to detect EMS mutants in cotton in this study.
The aim of the present study was to conduct, determine and verify the optimal EMS

experimental procedure generally suitable for upland cotton. This work also provides a basic
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practical reference guide used for EMS based mutant library construction especially in
allotetraploid crops. More importantly, the mutant collection is composed of a broad repertoire of
mutants as the valuable resource for basic research on complex allotetraploid traits, as well as
cotton breeding.

Results and Discussion
The optimized chemical mutagen EMS dose determination
EMS treatment will inevitably affect plant growth and produce toxicity to cotton plants. Different
species have different sensitivity to EMS, so the EMS dose plays an important role in the formal
experiments. In this study, the median lethal dose of EMS treatment was determined with an EMS
concentration gradient and treatment time gradient in pre-experiments. After the EMS preliminary
experiments, the germination statuses (Figure 1) and germination rates (Table 1) of each of the
eight treatment combinations and one control treatment were statistically analyzed on the 15th
day.

The germination rate of the control group was 95%. The germination rate of the treatment

with 1.5% EMS solution and a soaking time of 3 h was around 50%, which was closest to the
median lethal dose. Therefore, the optimized EMS treatment conditions for cotton seeds should be
the treatment with the 1.5% EMS solution and a soaking time of 3 h.
At the same time, it was found that the germination rate of upland cotton (TM-1) was greatly
reduced to 0% when the EMS concentration was equal to or greater than 2.5% and the soaking
time was 3 h, indicating that this dose was enough to kill all cottonseeds. While, the results
indicated that at low dose (at the 0.5% EMS solution and soaking time of 3 h), EMS had poor
mutagenesis effects on cottonseeds and could not produce efficient mutation results.

Large scale treatment experiment for EMS mutant library construction
Based on the preliminary EMS condition tests, two important upland cotton varieties were selected
as practical experimental materials for EMS mutant construction in this study, namely, TM-1 and
Luyanmian21. TM-1 is the basic genetic germplasm material for various studies in upland cotton

This article is protected by copyright. All rights reserved

Accepted Article

and is the standard strain as the popular representative of upland cotton (G. hirsutum L). While
Luyanmian21 is a popular cultivar germplasm of upland cotton (G. hirsutum L) in China. These
two varieties can be used as ideal experimental materials for EMS treatment. If the mutant plants
show better traits, they can be used for basic research and genetic improvement. Because of the
toxicity of EMS, the treated cotton varieties need to show good performance in all aspects,
especially stress tolerance. Otherwise, even if plants with heritable mutant phenotypes occurred,
they would be lethal because they cannot overcome the biological damage caused by EMS,
resulting in the loss of mutation resources.
Nearly thirty thousand of original M0 seeds were treated by EMS planted them in the field.

The whole average survival rate of cottonseeds treated with EMS was 40%, the average survival
rate of 45% in TM-1 and that average of 35% in Luyanmian21. During practical large scale EMS
treatment, the soil conditions in field will decrease germination and survival rate when compared
with that in Petri dish. And TM-1 and Luyanmian21 (a popular cultivar of G. hirsutum L) could
have a few differential degree sensitive to EMS, while actually both effect are generally accepted
in normal working state (~40% survival rate). And the subsequent genome-wide inspection in our
current study revealed that the high-density DNA mutations were induced under the condition
above, which suggested it does not affect the final library construction capacity and efficiency in
large scale practical EMS treatment.

EMS treatment effectively resulted in numerous mutant phenotypes
The cottonseeds treated with EMS were planted in the field. The phenotypic observation showed
that the EMS mutant library produced abundant mutant cotton plants, with the general mutation
frequency of 1.1% from populations M1, 2.5% of M2, 7.4% of M3. And we screened and recorded
regularly for some mutant traits such as albino and very round boll until the M4 generation.
Phenotypic variations in the ﬁeld covering all of the cotton developmental stages including the
vegetative growth period (seedling stage) and reproductive period (blooming, boll, and mature
stage). The phenotypic variation in this experiment was mainly exhibited on series of main aspects
which are shown in Table 2. Each phenotypic aspect is subdivided into many detailed
characteristics.
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We statistically analyzed the phenotypic traits of mutants during the developmental stages

(Table 2), and the traits were divided into 17 types. Among them, we found that the main mutant
phenotypes were concentrated in three parts: the leaf, flower and cotton boll. This result shows
that EMS treatment can effectively induces cottonseeds to produce cotton plant materials with
mutant phenotypes, and the phenotypes were mostly exhibited in the leaf, flower and cotton boll,
where the traits can be observed easily.
Statistical analysis of the phenotypes of floral organs, including a series of different in flower

size (Figure 2 a), filaments (Figure 2 b), stigma length (Figure 2 c), stigma shape and other aspects,
shows that except for the phenotypes in shape (Figure 2 f) and in the number of petals (Figure 2 e),
the fertility of cotton is also affected by EMS, as shown by the presence of fewer anthers (Figure 2
h), an uneven distribution of anthers (Figure 2 i), a divided stigma (Figure 2 k) and segmental
anther dehiscence (Figure 2 l). Therefore, it is highly possible that the mutants appearing in the
floral organs of cotton treated with EMS affect fertility.
In the phenotypic analysis of plant architecture mutations, the mutant cotton plants showed

phenotypes such as two fruit branches opposite growing (Figure 2 n), compact fruit nodes (Figure
2 o) and so on. Among all the observed mutant phenotypes, the phenotypes associated with the
plant architecture appeared less frequently.
In the phenotypic analysis of leaves, the main phenotype observed was leaf malformation

(Figure 2 u) compared with the control group, while other mutant traits of the leaf were less
common. In the mutant phenotypes of leaf color, we screened albino cottons (Figure 2 t), which
grew very well.
EMS treatment usually leads to deleterious mutation, while EMS mutant plants could show

some positive traits and can be used for crop improvement as the germplasm (Luo et al., 2019). In
the analysis of cotton fiber phenotypes, Notable fluffy (loose) cotton fiber (Figure 2 w1) and less
cotton fiber content (Figure 2 z) compared with the CK of WT (Figure 2 w2) were observed.
There was no significant difference on regular fiber characteristics like length or fiber number
between the mutants and the control group (Figure 2 v1-v5). This result indicates that the
difference in fiber was not caused difference in these basic traits. The quantity of seeds produced
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by fiber fluffy mutants was also not significantly different from that of the control group. It
suggested the positive mutant with fluffy fiber phenotype could valuable breeding resource for
enhancement on fiber elasticity.
In the phenotypic analysis of cotton boll mutations, changes in size (small boll) (Figure 2 x2),

shape (contains two variants, which are flat boll and perfectly round boll) (Figure 2 q, y2) and
color (Figure 2 r) were found compared with the control group. In previous studies, EMS mutants
with red cotton had been found (Aslam et al., 2016). However, the boll in our mutants turns red at
the top rather than across the whole body. Additionally, the number of cotton boll mutant
phenotypes with a flat shape was greater than the numbers of other phenotypes. We hypothesized
that this difference might be partially related to the decreased fertility of the mutants, which results
in incomplete cotton bolls. Because the fertility of mutants with phenotypes related to fertility
decreased, self-cross seeds were rarely harvested. The same problem also existed in the mutants
with differences in cotton bolls. Seed numbers were greatly reduced, or even zero, in some bolls
with small or flat phenotypes, making it difficult to preserve germplasm resources. This result also
reflects that some cotton boll mutants may be fertility mutants in nature, which reduces the fertility
of the mutant in some respects. The seed banks obtained by EMS contain around 13,000 seeds in
total (Table S3).

Screening and mutation detection of genes related to fertility
The specificity of the primers was determined by agarose gel electrophoresis after adjusting the
annealing temperature of regular PCR and simultaneously determining the appropriate annealing
temperature for each primer. 44 genes (Table S4) related to fertility and that were amenable to
HRM analysis were finally screened out with the same annealing temperature of 56℃. These
target genes were used to detect 24 DNA samples (12 samples each of TM-1 and Luyanmian21)
by HRM technology to determine whether the target genes were mutated. The curves of
temperature and fluorescence signal values were used to detect the DNA pool mixed with two
samples, and the curve of the mutant sample with changes could be found (Figure 3).
Taking Figure 3a, which shows the HRM detection diagram of Udt1, as an example, the

curves of mixed samples (samples no. 1 and no. 2 are mixed) are significantly different from that
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of wild type (CK). According to the principle of HRM, the base sequence of the mixed sample is
different from that of the wild-type sample, which may be caused by the mutation. Similar results
of 12 samples of Luyanmian21 were screened for Ugp1 (Figure 3 b), DAU (Figure 3 c) and MYC5.
For 12 samples of TM-1, similar results were also obtained for AMS (Figure 3 d), Wda1 and TMS1.
Finally, 7 genes related to fertility were found to be mutated, including TMS1, Udt1, Ugp1, DAU,
MYC5, AMS and Wda1. The mutations generated by EMS did produce genetic variation at the
base level. For mutation site sequencing validation, see the Figure S1.
The mixed DNA sample which was different from the wild type, can be further tested with

each sample to determine the mutated sample. For example, after detection, the no. 2 sample was
determined to be mutated at Udt1, the no. 9 sample at TMS1, and the no. 5 sample was mutated at

Ugp1. Udt1 plays important roles in maintaining tapetum development (Ko et al., 2014), and it
can cause male sterility because of T-DNA or retrotransposon Tos17 insertions in the gene (Jung
et al., 2005). Ugp1 is essential for anther and pollen development as PMC meiosis and microspore
development in rice (Chen et al., 2007). Samples no. 2 and no. 5 were derived from anther mutants;
thus there is a strong possibility that the abnormal pollen is caused by functional loss due to gene
mutation. TMS1 encodes a heat shock protein and plays a major role in the thermotolerance of

pollen tubes (Ma et al., 2015). Mutation in TMS1 can lead to thermosensitive male sterility caused
by the drastic retardation of pollen tube growth at 30℃ (Yang et al., 2009). However, sample no. 9
was derived from the mutant with uneven anthers. This finding suggests two possibilities; one is
that the gene has other functions that have not been explored, and the other is that the mutant has
effective mutations in multiple genes.

Screening and mutation detection of leaf color related genes
The specific primers for genes related to leaf color were screened in the same way as those related
to fertility, and the annealing temperature was obtained. A total of 14 genes related to leaf color
and amenable to HRM analysis were ultimately screened out (Table S5). HRM-specific primers of
14 target genes, presented in Table S5, were used to detect 5 DNA samples of TM-1 plants with
mutant phenotypes to determine whether the target genes were mutated. According to results as
shown in Figure 3 and Figure S1 , it can be concluded that the no. 1 sample was mutated at PORB,
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and the no. 2 sample was mutated at POR1 as the previously reported leaf color related genes
(Jiang et al., 2016; Lu et al., 2019).

Genome-wide mutation density inspection and quality assessement in cotton
EMS-treated mutant library.
In addition to the target genes, we perform genome-wide overall analyses of the representative
mutants including leaf color albino and fertility from the EMS mutant library by re-sequencing.
Based on the high quality whole genome re-sequencing

and mapping data (>Q30, ~15% of mean

depth, ~82% uniquely mapping from ~95% of genome mapped reads and genome uniform
coverage) which meet the specifications and requirement for further EMS variation analysis, the
genome-wide EMS induced mutation distribution and relevant statistics including mutation sites
number and density, as well as the SNPs annotation summary were comprehensively inspected.
And the analyzed statistics data were illustrated as shown in Figure 4, Table 3 and Table 4.
From the genome-wide mutation overview of the representative albino mutant in EMS mutant

library, we can see EMS induced SNPs generally distributed in the cotton mutant genome with the
ideal mutation uniformity. In addition, genome-wide count and density of EMS SNPs on 26
chromosomes of the cotton mutant revealed

total 65,286 EMS SNP mutation with the high

mutation density (37.76 per Mb)(Table 3).
Furthermore, genome-wide annotation statistics and summary data of EMS induced SNPs

indicated that around 85% of the EMS SNP occurred in intergenic region, meanwhile nearly 6%
and more than 8% located in upstream/downstream of genes cis element region and genic region
(1.31% effective functional nonsynonymous) respectively, while there are very few or none SNP
in gene splicing and UTR region (Table 4). It suggested that the phenotypic mutants could be
mostly caused by mutation on the functional genic and cis element region.
In addition to the mutation density estimated through genome-wide mutation sites number and

distribution as well as genome size, the library quality was further assessed by taking account of
the effective functional mutation density (nonsynonymous plus upstream/downstream region of
genes) and mutant library scale, and the genome could be much saturated for functional genes with
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more than enough mutants.
Based on overall genome-wide mutation analyses by re-sequencing and mutant library

assessment, the inspection results demonstrated the ideal quality of the cotton EMS-treated mutant
library constructed in this study with the appropriate high mutation density.

Conclusions
With the growing world population and increased demand for food, the issue of competing for
land for grain crops and cotton is increasingly prominent. Although conventional breeding
approaches contributed to genetic improvement and breeding of cotton varieties, they also resulted
in a narrowed genetic background. The need for novel alleles is becoming increasingly pressing.
EMS is an excellent mutagen that induces the base sequence of the gene and thus, creates
mutations to activate the mutagenic potential of plants. Mutants can be screened by specific
phenotypes to provide novel alleles for cotton, study the function of the original gene harboring
the mutation, discover and excavate more genes and mechanisms, evaluate the function of
encoded proteins and breed excellent cotton varieties.
The median lethal dose of EMS for cottonseeds was determined by preliminary treatment

condition tests. And then through practical large scale EMS treatment in field condition, we
successfully obtained and identified the large mutant population with abundant phenotypes
including flower malformation, leaf malformation, albino leaf, obvious leaf veins, abnormal
growing point (apical meristems), two fruit branches opposite growing, fruit branches switch to
leaf branches, leaf branches growing after fruit branches, mutant with compact fruit nodes,
abnormal size, shapes and color of bolls, abnormal cracking of bolls, bolls that are small and have
early cracking, concentration of boll cracking, boll early cracking, boll late cracking, loose cotton
wool, less cotton wool, and others.
HRM was used to detect the DNA variation at base level to evaluate and verify the EMS

mutant library. Additionally, based on overall genome-wide mutation analyses by re-sequencing
and mutant library assessment, the examination results demonstrated the ideal quality of the cotton
EMS-treated mutant library constructed in this study with appropriate high mutation density and
saturated genome.
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The present study determines and verifies the optimal EMS based procedure general suitable

for upland cotton mutant library construction, which can be also used for reference especially in
allotetraploid crops. More importantly, the collection is composed of a broad repertoire of mutants
which is the valuable resource for basic genetic research and functional genomics underlying
complex allotetraploid traits, as well as cotton genetic improvement.

Experimental procedures
Plant Material and EMS dose condition preliminary tests
TM-1 is the genetic standard strain as the popular representative of the upland cotton

(G.

hirsutum L) germplasm. So it usually works as the research standard germplasm and is suit to be
used for the preliminary test of median lethal dose, which is actually then used as the general
reference guide for the other universal G. hirsutum L germplasm on large scale mutant induction.
So the popular genetic standard strain TM-1 were focused to inspect the universal optimal trail
condition of median lethal dose as the general reference guides in upland cotton (G. hirsutum L.).
For the preliminary EMS tests, cottonseeds of TM-1 (Genetic standard strain) were delinted

with concentrated H2SO4. Then, the delinted cottonseeds were presoaked for 18 h in ddH2O in a
flask on a shaker (200 rpm), Solutions of EMS at 0.5, 1.5, 2.5 and 3.5% (v/v) were prepared, and
cottonseeds were treated with each solution of EMS in a flask (with shaking at 200 rpm on a
shaker) for 3 hours and 6 hours. This approach resulted in eight combinations of treatment with
solutions of different EMS concentration and different soak durations for the cottonseeds to find
the appropriate treatment condition. The EMS solutions were prepared in 0.01 M phosphate buffer
(pH 7). The mutagenized cottonseeds were washed twice for 15 minutes in 5% sodium thiosulfate,
washed for several hours with tap water to prevent residual reagents from adversely affecting
cottonseeds, air dried and grown in petri dishes to test the seedling emergence rate.
To determine the chemical dosage and treatment time for subsequent experiments and to

verify results, the appropriate chemical mutagen EMS dose needs to be pretested in the experiment
to determine the final experimental dose. The germination rate is equal to the number of seeds that
normally germinate divided by the total number of seeds, multiplied by 100% (the determination

This article is protected by copyright. All rights reserved

Accepted Article

time in the germination test of cottonseeds is 15 days). The germination of seeds, growing in petri
dishes, is indicated by the radicle length reaching 1/2 of the seed length. The treatment
combination which resulted in the median lethal dose was selected as the optimal conditions for
subsequent experiments.

EMS treatment and mutant phenotypic investigation
Nearly thirty thousand of original seeds from TM-1 (Genetic standard strain) and Luyanmian 21 (a
popular cultivar of G. hirsutum L in China) were then treated with the optimal EMS dose and
duration, as obtained by preliminary tests. The treatment process was similar to that of the
pre-experiment, including delinting the cottonseeds, presoaking, soaking the cottonseeds in EMS
solution and washing the seeds. In contrast, the cottonseeds were grown in the field conditions of
the Shandong Agricultural University Agriculture Research Experiment Station with untreated
cottonseeds from TM-1 and Luyanmian 21 as the control groups.
About fourteen thousand M1 plants were further screened for mutants collection and

identification. The M1-M3 populations were observed for phenotypic variations covering all of the
cotton developmental stages in the ﬁeld. Plants in the vegetative growth period (seedling stage)
and reproductive period (blooming, boll, and mature stage) were investigated by comparison with
wild-type plants. The observation of phenotypic variation in this experiment was mainly
conducted from series of main aspects which are shown in Table 2. Each phenotypic aspect is
subdivided into many detailed characteristics including leaf shape, leaf color, flower color, flower
fertility, number of petals, boll shape, boll size, plant height, etc. Boll shape was recorded such as
long ellipse and close round.

Sample DNA preparation and HRM primer design
The tissue samples of mutant plants with different phenotype and wild-type plants were collected.
DNA was extracted individually using the modiﬁed CTAB method. Each template DNA was
measured and the same amount of them were then pooled together to ensure each DNA sample is
the same concentration. In this test, two samples could be mixed for each replicate for the later
HRM analysis.
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To verify the genetic mutation of EMS-treated mutant plants, we determined the target classic

gene related to the observed phenotype of cotton mutants by referring to literature. BLASTP was
used to identify the homologous genes of target genes in upland cotton. The primers of target
genes were designed according to the homologous gene sequences, with the annealing temperature
of approximately 60℃. In this study, the cotton material treated with EMS is allotetraploid, which
necessitates strict requirements for HRM primer design. Therefore, in terms of HRM primer
selection, it was necessary to optimize the annealing temperature by regular PCR. This step was
crucial to ensure the accuracy and reliability of formal HRM experiments. The specificity of the
primers was determined by agarose gel electrophoresis after adjusting the annealing temperature
of the PCR. Annealing temperature determination was required for HRM detection of mutant sites.

HRM stringent specification and setting for gene mutations detection
High resolution melting analysis experiments are more demanding than regular quantitative
instruments in terms of the reaction well temperature uniformity, cooling speed and other aspects.
A Roche LightCyclerTM 480 PCR system can accurately reduce the temperature difference
between the holes to ± 0.1 ℃ and can rapid cool and heat (heating speed: (4.8) ℃/s cooling

rate: (2.5) ℃/s). The Roche LightCyclerTM 480 PCR apparatus (www.roche-applied-science.com)
was used in this test. We chose the LC Green Dye (Wittwer et al., 2003) because only the
saturating dye can fully combine with the DNA duplex to accurately reflect whether the nucleic
acid chain is unchained in real time. According to the instructions of the LC Green Dye, the
reaction volume was 20 µl. The reaction mixture is shown in Table S1. HRM reactions program
are shown in Table S2.

HRM analysis on DNA base level variation
The Light Cycle® 480 SW 1.5 software was used to analyze the data and produce difference plots
to determine whether the sample gene was mutated. Firstly, the original melting curves data were
standardized, that is, the pre-melting (initial fluorescence) and post-melting (final fluorescence)
signals were set for all samples to make the melting curve of the fluorescence signals at the
starting and ending points consistent. Secondly, the dissolution curves were standardized by using
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the complete denaturation temperature of DNA. Finally, difference plots were generated with the
clear differences in the shape of the melting curve (the control group samples were selected as the
standard to form a peak figure with obvious differences).

Genome sequencing
Total genomic DNA was isolated from fresh young leaf tissues sample of the representative
mutants including leaf color albino and fertility in EMS mutant library, using the CTAB method; 1
μg of genomic DNA was sheared using an ultrasonic Biorupture (Diagenode; Liege, Belgium).
Short-insert libraries were constructed according to the manufacturers’instructions (Illumina, San
Diego, CA, USA) and then sequenced using Illumina Hiseq X platform to produce 150-bp
paired-end (PE150) reads (Genoseq Technology Co. Ltd., Wuhan, Hubei, China).

SNP identification and annotation
The genome assembly of cotton cultivar TM-1 was used as a reference for mapping of all short
reads. The PE150 reads from individuals were aligned to the reference genome using the
Burrows-Wheeler Alignment tool (BWA, version 0.7.0) with default parameters. Only the PE150
reads with both ends located within a genomic region <1000 bp were kept for subsequent analysis.
The alignment results in SAM format were converted to the BAM format using SAMtools
(version 0.1.18). Duplicated reads caused by PCR in the process of library construction were
identified and removed using Picard package (version 1.91). SNP calling was performed using the
HaplotypeCaller of Genome Analysis Toolkit (GATK, version 3.8). To obtain high-quality
variants, raw variants were further filtered using the following criteria: a) coverage depth ≥ 8; b)
G-C to A-T.
The identified SNPs were annotated using custom Perl scripts and the ANNOVAR program,

using the TM-1 gene model. The output of ANNOVAR was assigned to three categories: (i) genic
region: ‘ exonic ’ , ‘ intronic ’ , ‘ splicing ’ , ‘ 5'-UTR ’ and ‘ 3'-UTR ’ ; (ii)

upstream/downstream region:

‘ upstream ’ ,

‘ downstream ’

&downstream’; (iii) intergenic region.
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Figure legends
Figure 1. Cottonseed germination test under different treatment combinations.
(a) The 0.5% EMS solution. (b) The 1.5% EMS solution. (c) The 2.5% EMS solution. (d) The 3.5% EMS

solution. (1) Soaking time of 3 h. (2) Soaking time of 6 h. (e) Untreated sample.

Figure 2. Mutants representing various major cotton phenotypes.
(a) Flowers are different in size. (b) Different kinds of stigmas and anthers. (c) Different length of stigmas.
(d, g, j, m, p, s, v1, w2, x1, y1) Wild type. (e) Mutant flower with more petals than wild type. (f) Mutant
flower with flat shape. (h) Mutant flower with small anthers. (i) Mutant flower with uneven anthers. (k)

Mutant with divided stigma. (l) Mutant flower with semisterile anthers. (n) Two fruit branches opposite
growing. (o) Mutant with compact fruit nodes. (q) Flat boll. (r) Red colored boll. (t) Albino mutant. (u)
Mutant with misshapen leaf. (v) Different kind of seed fiber mutants show no significant differences in
fiber length. (v1) Wild-type fiber. (v2-v3) Mutants boll with fluffy fiber. (v4-v5) Mutants boll with less
fiber content. (w1) Side view of mutant opening boll which has fluffy fiber. (x2) Small boll mutant. (y2)

This article is protected by copyright. All rights reserved

Mutant with perfectly round boll. (z) Mutant boll with less fiber.

Figure 3. HRM detection of fertility genes and genes related to leaf color.
(a-d) The representative HRM output of Udt1, Upg1, DAU and AMS genes, respectively. HRM analysis of
mutant DNA sample demonstrate that mutations occur. Mutant DNA sample HRM test demonstrate that
mutations occur in the PORB (e) and POR1 (f) genes. For mutation site sequencing validation, see the
Figure S1.

Figure 4. Overview of EMS induced SNPs distribution in the cotton mutant genome
Note: Genome-wide mutation feature from the representative albino mutant in EMS mutant library.

This article is protected by copyright. All rights reserved

Tables
Table 1 | Record of cottonseeds germination test in the series of different
treatment combinations.
0.50%

1.50%

2.50%

3.50%

Treatment conditions

Germination rate (%)

Mean±SD (%) a
a

CK

3h

6h

3h

6h

3h

6h

3h

6h

92

80

72

54

2

2

0

4

0

98

76

64

46

4

4

0

0

0

96

82

68

52

4

6

0

4

0

95±2

79±2

68±3

50±3

3±0

4±2

0±0

3±2

0±0

Germination rate estimated based on three replicates per EMS treatment

(means ± SD).

Table 2. Statistics on series of phenotypic traits in mutants.
Main aspects

Phenotypic trait

TM-1

Luyanmian21

Leaf

Leaf malformation

57

29

Albino leaf

1

3

Obvious leaf vein

3

1

Flower malformation (fertility, color, number of

117

78

Abnormal size, shape and color of bolls

102

42

Abnormal cracking of boll

37

12

Fruit branch switches to leaf branch

2

17

Leaf branch growing after fruit branch

3

2

Abnormal growing point (apical meristems)

7

4

Two fruit branches opposite growing

2

1

Mutant with compact fruit nodes

1

1

Boll small and early cracking

11

2

Boll early cracking

7

2

Boll late cracking

1

2

Concentration of boll cracking

2

0

Loose cotton wool

15

17

Less cotton wool

5

3

Flower

petals, etc.)
Boll

Plant architecture

Boll ripening (precocity or
late maturity)

Fiber

† Numbers in table indicate the amount of mutant plants with different phenotypic traits.
There are some representative mutant phenotypes, as shown in Figure 2.

Table 3. Genome-wide count and density of EMS SNPs on 26 chromosomes in
the cotton mutant
Chr

Length

SNP Number

SNP density(per Mb)

A01

99,884,700

1,142

11.43

A02

83,447,906

798

9.56

A03

100,263,045

2,362

23.56

A04

62,913,772

1,765

28.05

A05

92,047,023

2,169

23.56

A06

103,170,444

1,034

10.02

A07

78,251,018

6,488

82.91

A08

103,626,341

1,192

11.50

A09

74,999,931

3,435

45.80

A10

100,866,604

827

8.20

A11

93,316,192

1,192

12.77

A12

87,484,866

1,951

22.30

A13

79,961,121

1,221

15.27

D01

61,456,009

1,828

29.74

D02

67,284,553

4,648

69.08

D03

46,690,656

225

4.82

D04

51,454,130

2,022

39.30

D05

61,933,047

2,480

40.04

D06

64,294,643

847

13.17

D07

55,312,611

3,896

70.44

D08

65,894,135

7,391

112.16

D09

50,995,436

9,816

192.49

D10

63,374,666

1,762

27.80

D11

66,087,774

1,561

23.62

D12

59,109,837

2,089

35.34

D13

60,534,298

1,145

18.91

Whole

1,934,654,758

65,286

37.76

† Mutation statistics data from the representative albino mutant in EMS mutant library.

Table 4. Genome-wide annotation summary of EMS induced SNPs in the cotton
mutant
Category

Number

Ratio(%)

intergenic

55953

85.70

upstream/downstream

3901

5.98

upstream

2026

3.10

downstream

1748

2.68

upstream&downstream

127

0.19

5432

8.32

intronic

3908

5.99

exonic

1516

2.32

synonymous

637

0.98

nonsynonymous

855

1.31

stopgain

24

0.04

stoploss

0

0.00

5'-UTR

0

0.00

UTR3

0

0.00

splicing

8

0.01

genic

† Mutation statistics data from the representative albino mutant in EMS mutant library.

Accepted Article

tpj_14755_f1.jpg

This article is protected by copyright. All rights reserved

Accepted Article

tpj_14755_f2.jpg

This article is protected by copyright. All rights reserved

Accepted Article

tpj_14755_f3.png

This article is protected by copyright. All rights reserved

Accepted Article

tpj_14755_f4.png

This article is protected by copyright. All rights reserved

