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ABSTRACT 

 

TOSTES, Nathália Vállery, M.Sc., Universidade Federal de Viçosa, February, 2021. 
DNA sizing, composition and origin of induced micronuclei of Zea mays L. 
Advisor: Wellington Ronildo Clarindo.  
 

Micronuclei (MN) are constituted of chromatin, which originated from DNA damages 

induced by mutagens. The mutagens promote a clastogenic effect characterized by 

chromosome structure damage, and/or an aneugenic effect with the loss of a whole 

chromosome. Due to their origin, MN are distinct in relation to genomic origin and 

composition. In plant mutagenesis, centromeric, telomeric and rDNA sequences 

were identified in MN composition. We aimed to investigate the DNA sizing, 

composition and origin of induced Zea mays MN after methyl methanesulfonate 

(MMS) treatment. Using image cytometry, we showed that the MN have distinct DNA 

sizing, predominantly between 0.5 – 1.5 pg. These values indicated that the MN 

were generated from different chromosome fragments. The variability of MN 

composition was confirmed by fluorescence signal variation of 180-bp knob and 

Grande LTR-retrotransposon sequences. Therefore, these sequences, especially 

the Grande LTR-retrotransposon sequence that is rich in guanine, can be considered 

hotspots of MMS damage and, consequently, for MN formation. The different MN 

origins were also revealed by a probe pool produced from two individual 

microdissected MN. Each microdissected MN was originated from different 

chromosome fragments consisting of DNA sequences of all Z. mays chromosomes. 

Altogether, our results showed the variability of Z. mays MN from several 

chromosome fragments formed after MMS treatment. Therefore, our findings 

demonstrated the extent of the genotoxic damage promoted by MMS in Z. mays 

genome. We provided insights concerning the structure of MN and methodologies 

that can be employed in plant mutagenesis research.  

 

Keywords: Mutagenesis. Maize. DNA content. Microdissection. Repetitive DNA 
sequences. 
 



 
 

RESUMO 

 

TOSTES, Nathália Vállery, M.Sc., Universidade Federal de Viçosa, fevereiro de 
2021. Tamanho do genoma, composição e origem de micronúcleos induzidos 
de Zea mays L. Orientador: Wellington Ronildo Clarindo.  
 

Os micronúcleos (MN) são constituídos por cromatina, que se originam de danos ao 

DNA induzidos por agentes mutagênicos. Os agentes mutagênicos promovem um 

efeito clastogênico caracterizado por danos à estrutura cromossômica e/ou um 

efeito aneugênico com a perda de um cromossomo inteiro. Devido à sua origem, os 

MN são distintos em relação à origem genômica e composição. Na mutagênese 

vegetal, sequências centroméricas, teloméricas e de rDNA foram identificadas na 

composição de MN. Nosso objetivo foi investigar o tamanho do DNA, composição e 

origem de MN induzidos de Zea mays após o tratamento com metanossulfonato de 

metila (MMS). Usando citometria de imagem, mostramos que os MN possuem 

tamanhos de DNA distintos, predominantemente entre 0,5 - 1,5 pg. Esses valores 

indicaram que os MN foram gerados a partir de fragmentos cromossômicos 

diferentes. A variabilidade da composição dos MN foi confirmada pela variação do 

sinal de fluorescência das sequências knob 180-bp e do retrotransposon-LTR 

Grande. Portanto, essas sequências, principalmente a sequência retrotransposon-

LTR Grande rica em guanina, podem ser consideradas hotspots de danos por MMS 

e, consequentemente, de formação de MN. As diferentes origens dos MN também 

foram reveladas por um pool de sondas produzido a partir de dois MN individuais 

micromanipulados. Cada MN micromanipulado foi originado de diferentes 

fragmentos de cromossomos que consistem em sequências de DNA de todos os 

cromossomos de Z. mays. No geral, nossos resultados mostraram a variabilidade 

de MN de Z. mays a partir de vários fragmentos de cromossomos formados após o 

tratamento com MMS. Portanto, nossos resultados demonstraram a extensão do 

dano genotóxico promovido por MMS no genoma de Z. mays. Fornecemos insights 

sobre a estrutura dos MN e metodologias que podem ser empregadas na pesquisa 

de mutagênese vegetal. 

 

Palavras-chave: Mutagênese. Milho. Conteúdo de DNA. Micromanipulação. 
Sequências repetitivas de DNA. 
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1. Introduction 

 

Micronuclei (MN) are cell structures that originate from chemical, physical or 

biological mutagens. MN are small extranuclear structures resulting from clastogenic 

and/or aneugenic effects (Figure 1). Clastogenic agents promote lesions in the DNA 

double strand and the inhibition of the DNA damage repair system, resulting in 

structural chromosome alterations and/or chromosome bridges (Fenech et al., 

2011). As a result of the clastogenic effect, MN are generated from acentric 

chromosome fragments (Kirsch-Volders et al., 2011). The aneugenic effect is 

characterized by the loss of a whole chromosome, which does not attach to the 

spindle fibers during mitotic/meiotic metaphases causing anaphase segregation 

errors (Terradas et al., 2010). Defects in microtubule-kinetochore connections 

promote the aneugenicity as a consequence of cytosine hypomethylation in 

centromeric DNA (Gieni et al., 2008; Heit et al., 2009), incorrect mitotic spindle 

assembly (Gisselsson, 2008), errors in cell cycle check points (Guo et al., 2019) 

and/or abnormal centrosome duplication (Zyss and Gergely, 2009). The resulting 

chromosome fragments or lagging chromosomes are delimited by the nuclear 

envelope separately of the main nucleus at the end of telophase, generating the MN 

(Fenech et al., 2011; Kirsch-Volders et al., 2011).  
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Figure 1. Representative scheme of the MN formation pathways. (a) The clastogenic 

effect promotes chromosomal fragmentation. (b) The aneugenic effect impedes a 

whole chromosome to attach to the spindle fibers. The MN result from these 

fragments and/or lagging chromosomes at the telophase end. 

 

MN can have different fates according to their formation pathways, genomic 

composition, cell type and species (Hintzsche et al., 2017). The possible fates for 

these structures include degradation of the MN, reincorporation into the main 

nucleus, extrusion from the cell, persistence in the cytoplasm, premature 

chromosome condensation/chromothripsis and elimination by apoptosis (Hintzsche 

et al., 2017). Due to MN formation pathways and their possible persistence in the 

cytoplasm, MN frequency is widely used to evaluate the possible mutagenic 

potential, evidencing the genotoxic effects of different agents in animals (Leveroni et 

al., 2017; Itoh and Hattori, 2019), humans (Wang et al., 2017) and plants (Alvarenga 

et al., 2020; Chen et al., 2020). 

Considering that MN can be originated from chromosome fragments or whole 

chromosomes, these structures can have different DNA sizing (Nüsse et al., 1996). 

Besides, since MN can persist in a cell or be lost, it is relevant to know how much 
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DNA the MN carries. Thus, identifying the difference between the nuclear and 

micronuclear DNA sizing gives additional information on the extent of the damage 

promoted by genotoxic agents.  

DNA sizing measurement in plants (Pellicer and Leitch, 2020) and animals 

(Gregory, 2021) is usually accomplished using flow cytometry. The DNA sizing of 

MN from mouse fibroblasts was investigated using flow cytometry after treatment 

with tear gas chlorobenzylidene malonitrile (Miller and Nússe, 1993; Nüsse et al., 

1996), vinblastine (Nüsse et al., 1996) and γ radiation (Nüsse et al., 1992; Nüsse et 

al., 1996). These studies showed the MN population and its large variation in relation 

to DNA sizing by biparametric histograms (Side-scattered light – SSC x fluorescence 

intensity). From the biparametric histograms, the DNA sizing variation was compared 

to the DNA sizing of the chromosomes, which was measured through flow 

karyotyping. Based on DNA sizing values (MN and mice chromosomes), the authors 

appointed the MN origin from chromosome fragments or whole chromosomes. In 

plant mutagenesis, the MN DNA sizing has not been measured. An investigation of 

MN DNA sizing in plants using flow cytometry presents some obstacles, such as the 

separation of the MN from the cellular wall debris and organelles, like mitochondria 

and plastids. In addition, flow cytometry requires a large amount of particles with the 

same C value to obtain a histogram which allows the recognition of the DNA sizing 

(Doležel et al., 2007). As MN can present different DNA contents as a consequence 

of their origin, the DNA sizing of these structures is a challenge. In this scenario, 

image cytometry is an alternative approach for MN DNA measurement. Image 

cytometry has advantages over flow cytometry since it allows the visual recognition 

of the nuclei (Rodenacker and Bengtsson, 2003) and the analysis is possible with a 

small number of nuclei (Greilhuber, 2008). 

The composition of MN has been investigated via the verification of the 

presence of DNA sequences from particular chromosomes and chromosome 

portions. Human lymphocytes treated with physical (γ ray radiation, Fimognari et al., 

1997) and chemical mutagens (5-azacytidine, Guttenbach and Schmid, 1994; 

mitomycin C, diethylstilbestrol, Fauth et al., 2000; and 1,2,4-benzenetriol, Chung et 

al., 2002) provided MN composed of sequences originating from different human 

chromosomes. The treatment of human leukocytes with mitomycin C (Hovhannisyan 

et al., 2012) corroborated the previous results. Similarly, the MN from root tip 
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meristematic cells of Hordeum vulgare L. (Jovtchev et al., 2002; Juchimiuk et al., 

2007; Juchimiuk-Kwasniewska et al., 2011) and Brachypodium distachyon (L.) P. 

Beauv. (Kus et al., 2017; Kus et al., 2018; Kus et al., 2019), which were treated with 

chemical (N-nitroso-N-methylurea and maleic hydrazide) and physical mutagens (γ 

and X ray radiation), presented centromeric, telomeric, 5S and 25S rDNA 

sequences. 

Plant genomes present repetitive DNA sequences, like tandem repeats and 

mobile elements (Lee and Kim, 2014). Moreover, regions composed by repetitive 

DNA sequences are considered hotspots for the occurrence of structural 

chromosomal rearrangements. Heterochromatic regions exhibiting repetitive DNA 

sequences (Schubert et al., 1994), mobile elements (Lysák and Schubert, 2013) or 

180-bp knob sequences (Silva et al., 2020) were identified as regions prone to suffer 

chromosome rearrangements, especially deletions. Therefore, it is possible that 

these sequences can be involved in MN composition. Tandem repeated sequences 

(centromeric, telomeric, 5S and 25S rDNA sequences) have been identified in MN 

of H. vulgare (Juchimiuk et al., 2007; Juchimiuk-Kwasniewska et al., 2011) and B. 

distachyon (Kus et al., 2017; Kus et al., 2018). Since the identification of repetitive 

DNA sequences contributes to the understanding of structure and organization of 

the nuclear genome (Wang et al., 2006), it is required to verify the presence of these 

sequences in MN composition.  

Together with the MN composition, understanding the MN origin can also help 

to elucidate questions concerning their structure and organization. The construction 

of probes from microdissected MN can be employed to reveal the origin of the MN 

(Engelen et al., 1998). A spontaneous micronucleus in human lymphocytes was 

microdissected and its DNA was amplified by RAPD-PCR. From fluorescent in situ 

hybridization (FISH), the micronucleus DNA probe evidenced that the micronucleus 

originated from chromosome 2 (Peace et al., 1999). To our knowledge, a study 

aiming to find out the MN origin was until now not conducted in plant mutagenesis.  

Zea mays L. is a species with a relatively well-characterized genome, and 

with sequencing data available from public domain databases (Schnable et al., 

2009). The Z. mays genome consists of ~85% of mobile elements, which were 

characterized (Schnable et al., 2009) and mapped (Mroczek and Dawe, 2003; Lamb 

et al., 2007; Silva et al., 2020). Besides, procedures for chromosome DNA sizing 
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(Silva et al., 2018) and for construction of specific probes from microdissection 

(Soares et al., 2020) and repetitive DNA sequences (Silva et al., 2020) are available 

for Z. mays.  

Increased knowledge on DNA and chromosomal damages contributes to the 

understanding of the biological impact level promoted by genotoxic agents (Kus et 

al., 2017). In light of this, we aimed to investigate the DNA sizing, composition and 

origin of induced MN in Z. mays. We propose the use of image cytometry for DNA 

measurement, FISH with 180-bp knob sequence and Grande LTR-retrotransposon 

probes and microdissection to realize these analyses. 

 

2. Materials and methods 

 

2.1. Plant material and micronuclei induction 

 

Commercial seeds of Z. mays ‘AL Bandeirante’ (Sementes Caiçara®, 

allotment seed number 91, category S2, harvest 2016, germination rate of 94.0%, 

99.5% purity) were germinated in Petri dishes on filter paper moistened with dH2O 

at 30ºC. Methyl methanesulfonate (MMS, Sigma – Aldrich®, CAS No 66-27-3) is a 

chemical mutagen able to cause DNA damage like breaks and adducts, which are 

expressed as chromosomal rearrangements (Lundin et al., 2005). Based on the 

MMS concentration usually used as positive control in mutagenesis studies, mostly 

with Allium cepa L. (4 x 10-4 M, Caritá and Marin-Morales, 2008; Leme and Marin-

Morales, 2008; De Grippa et al., 2010; Lima et al., 2019), we used an overdose of 

MMS to induce a high frequency of MN. For this, roots with 1 cm length were 

transferred to Petri dishes containing 2 x 10-3 M MMS solution and incubated for 24 

h at 30ºC (~20 seeds/Petri dish). Noteworthy, we also tested higher doses than the 

one used here which turned out lethal to the biological material. Roots germinated 

only in dH2O were used as negative control. The root tips were washed in dH2O, 

fixed three times in 3:1 methanol: acetic acid (Merck®) with changes after each 10 

min and stored at -20ºC. 
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2.2. Micronuclear DNA sizing by image cytometry 

 

After 24 h in methanol:acetic acid fixative solution, the roots used for image 

cytometry were transferred to 95% ethanol and stored at -20ºC for 24 h. The roots 

were washed three times in dH2O, macerated in enzymatic pool (4% cellulase 

Sigma®, 0.4% hemicellulase Sigma®, 1% macerozyme Onozuka R10 Yakult®, 100% 

pectinase Sigma®) diluted in dH2O in the proportion 1:8 (enzyme pool:dH2O) for 2 h 

at 36ºC, washed three times with dH2O, fixed three times in 95% ethanol with 

changes after each 10 min and stored at -20ºC for 24 h (Silva et al., 2018). The 

slides were prepared using the squashing technique. On the same slide, MMS root 

meristems and dH2O root meristems (negative control) were squashed on opposite 

sides in order for both of them to receive the exactly same Feulgen reaction 

condition. The slides were frozen at -80ºC for 10 min, the coverslips were removed 

and immediately incubated for 12 h in 17:5:1 methanol:formaldehyde:acetic acid 

(Merck®) at 25ºC. Next, the slides were washed in dH2O, air-dried and hydrolyzed in 

5 M HCl (Merck®) for 40 – 50 min at 25ºC, washed in dH2O, air-dried, and stained 

with Schiff’s reagent (Hardie et al., 2002) for 12 h at 4ºC. Subsequently, the slides 

were washed in 0.5% SO2-water (Merck®) for 3 min and two times in dH2O for 3 min 

(Carvalho et al., 2011).  

The setup and calibration of the microscope and image analysis system were 

performed to measure the optical density (OD) and the integrated optical density 

(IOD) values (Hardie et al., 2002; Carvalho et al., 2011). The software algorithm 

automatically calculated the IOD values multiplying the nuclear area of the nuclei or 

the MN (μm2) by the mean OD. Ten slides were prepared and for each of them ten 

frames were randomly captured, once for the MMS treatment and once the negative 

control, resulting in 200 frames for each treatment. The frames were captured using 

a 12-bit CCD digital video camera (Olympus® DP71) coupled to a trinocular 

photomicroscope OlympusTM BX-60, equipped with stabilized light source, UPlanFI 

objective with magnification ×100, 1.4 numeric aperture, aplanat achromat 

condenser with 1.4 aperture, and neutral density filter (ND6). Based on 

recommendations for DNA measurement through image cytometry by Vilhar et al. 

(2001), ten MN, ten early prophasic and ten late telophasic nuclei were digitally 

segmented, each frame using the Image Pro-Plus® 6.1 analysis system (Media 
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Cybernetics®). The early prophases and late telophases were used because it is 

visually possible to recognize them and mainly to define their ploidy levels. 

We calculated the IOD for each prophasic and telophasic nuclei and then we 

calculated the mean IOD for each slide. From these values, we calculated the 4C/2C 

ratio, coefficient of variation (CV) and standard deviation for each slide for image 

cytometry quality control (Böcking and Huy Nguyen, 2004; Haroske et al., 2001; 

Vilhar et al., 2001). For each slide, the IOD was also calculated for each MN. Based 

on the mean IOD from telophasic nuclei (the same for prophasic nuclei), the IOD 

from each MN and considering the nuclear DNA sizing of Z. mays ‘AL Bandeirante’ 

2C = 6.10 pg (Silva et al., 2018), we calculated the DNA sizing from each MN using 

the formula: 𝑀𝑁 𝑝𝑔 =  𝐼𝑂𝐷 𝑀𝑁 𝑥 6,10 𝑝𝑔𝑚𝑒𝑎𝑛 𝐼𝑂𝐷 𝑡𝑒𝑙𝑜𝑝ℎ𝑎𝑠𝑒. 

The MN DNA sizing values were submitted to a descriptive statistical analysis 

using Rbio software (Bhering, 2017) to group MN with similar DNA sizing. 

 

2.3. Probe construction 

 

MN composition was investigated using probes of 180-bp knob and Grande 

LTR-retrotransposon sequences. These sequences were used due to their 

occurrence in the Z. mays genome. The probe of 180-bp knob sequence was 

generated via PCR, as performed by Silva et al. (2020), using the primers F 5′- 

ATAGCCATGAACGACCATTT-3′ and R 5′-ACCCCACATATGTTTCCTTG-3′ 

(Fourastié et al., 2018). The Grande LTR-retrotransposon probe was amplified from 

the primers F 5′-ATGCGAGGATAAGTCGGCGAAG-3′ and R 5′-

GGTGTTTTTAGGAGTAGGACGGTG-3′ (Mroczek and Dawe, 2003). 

To verify the origin of the MN, we separately microdissected five MN and 

generated a specific probe pool from their genomic DNA. For this, we prepared 

slides using the macerated root meristems of the MMS treatment. Each meristem 

was dissociated under the slide, and the slides were immediately immersed in dH2O 

for 1 min to keep the MN hydrated and to allow the material removal without 

chromatin fragment loss. The microdissections were carried out using an Eppendorf 

TransferMan® micromanipulator coupled to an inverted phase contrast microscope 
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IX70 (OlympusTM) in a room at a relative humidity of ~70%. The slides were 

visualized with an objective LUCPlanFLN UIS 2 60X/0.70 Ph2 and the five MN were 

microdissected using sterile Femtotips (Eppendorf®) glass microneedles. These 

different MN were individually transferred to sterile microtubes of 0.2 mL containing 

0.1 mL of sterile collection solution (10 mM Tris–HCl pH 7.5 + 10 mM NaCl + 1 mM 

EDTA + 0.1% SDS + 0.1% Triton X-100 + 30% Glycerol +1.44 mg mL-1 Proteinase-

K, Sigma®). Immediately, the MN were deproteinized for 2 h at 60ºC, followed by 

enzyme inactivation at 80ºC for 20 min (adapted from Yang et al., 2017). All steps 

were conducted in UV-irradiated biohazard flow chambers, and the pipetting 

procedures were carried out with tips containing sterile filters in order to avoid 

contamination (Soares et al., 2020). 

After the Proteinase-K treatment, the genomic DNA of each MN was amplified 

and labeled by PCR using a DOP primer 5’-CCGACTCGAGNNNNNNATGTGG-3’ 

(Telenius et al., 1992). DNA amplification was accomplished in two rounds (Yang et 

al., 2017; Soares et al., 2020). The first amplification reaction mix consisted of the 

deproteinized MN DNA, 4 μM DOP, 200 μM of each dNTP (Promega®), 1X Thermo 

Sequenase DNA Polymerase (GE®) reaction buffer and 20X Thermo Sequenase 

DNA Polymerase (GE®). The PCR conditions were initial denaturation at 95ºC for 3 

min; 10 cycles of 92°C for 1 min; 35°C for 2 min; ramp of 0.1°C/s until 72°C; 72°C 

for 1:30 min; 30 cycles of 92°C for 1 min; 56°C for 2 min; 72°C for 2 min and final 

extension at 72°C for 5 min. The second amplification reaction mix consisted of 200 

ng of the amplified MN DNA, 4 μM DOP, 200 μM of each dNTP (Promega®), 1X 

Thermo Sequenase DNA Polymerase (GE®) reaction buffer and 20X Thermo 

Sequenase DNA Polymerase (GE®). The PCR conditions were initial denaturation 

at 96ºC for 3 min; 30 cycles of 91°C for 1 min; 56°C for 1 min; ramp of 0.1°C/s until 

72°C; 72°C for 2 min and final extension at 72°C for 5 min. The amplification products 

were visualized by electrophoresis in 1.5% agarose gel. Based on differences 

between the amplified sequence sizes, we chosen two genomic MN, which were 

denominated as MN 1 and MN 2 (Supplementary Figure 1). The labeling reaction for 

the probe pool construction consisted of 200 ng of the amplified DNA, 4 μM DOP, 

200 μM each of dATP, dCTP and dGTP, 100 μM dTTP, 1X Thermo Sequenase DNA 

Polymerase (GE®) reaction buffer, 20X Thermo Sequenase DNA Polymerase (GE®) 

and 50 μM fluorochromes ChromaTide® Alexa Fluor® 488-5-dUTP (Life 
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Technologies®) for MN 1 and Tetramethyl-rhodamine 5-dUTP (Roche®) for MN 2. 

The amplification conditions for the labeling reaction were identical to the second 

round described above. All amplification and labeling mixes were prepared in UV-

irradiated flow chambers, using sterile pipettes and tips with filter, to avoid DNA 

contamination. 

 

2.4. Composition and origin of the micronuclei 

 

We verified the occurrence of 180-bp knob and Grande LTR-retrotransposon 

sequences in nuclei and MN. For this, roots treated with MMS and enzymatically 

macerated, performed as described in the section “Micronuclear DNA sizing by 

image cytometry”, were fixed in 3:1 methanol:acetic acid. Slides were prepared from 

the cellular dissociation of these roots and air-dried (Silva et al., 2020). 

In addition, slides with metaphasic chromosomes were used to map the 180-

bp knob and Grande LTR-retrotransposon sequences and to verify the origin of the 

microdissected MN. For these, seeds were germinated in dH2O, and the 1 cm roots 

were incubated at 30ºC for 18 h in solution of 1.75 mM hydroxyurea (Sigma®) and 

0.20 g L-1 MS salts (Sigma®) for synchronization of the cell cycle. The roots were 

washed for 1 h in dH2O at 30ºC with changes every 15 min for cell cycle recovery. 

For metaphase arresting, the roots were treated with 3 μM amiprophos-methyl 

(Sigma®) in 0.3% dimethyl sulfoxide (Sigma®) for 4 h at 30°C. The roots were washed 

in dH2O and fixed three times in 3:1 methanol:acetic acid with changes after each 

10 min and stored at -20ºC. The roots were washed three times in dH2O, submitted 

to enzymatic maceration as described in the section “Micronuclear DNA sizing by 

image cytometry”, washed in dH2O, fixed in 3:1 methanol:acetic acid with three 

changes after 10 min, and stored at −20°C. Slides were prepared by cellular 

dissociation and air-drying techniques. Slides with morphologically preserved 

metaphases, nuclei and MN were aged for at least 5 days (Silva et al., 2020).  

The slides were washed in 1X PBS buffer for 5 min, fixed with 4% formalin for 

15 min, washed again in 1X PBS for 5 min, and dehydrated in cold ethanol series 

(70%, 85% and 100%) for 5 min each. For the 180-bp knob and Grande LTR-

retrotransposon probes, the hybridization mix consisted of 50% formamide (Sigma®) 

+ 2X SSC (Sigma®), 35 μg competitor DNA (Herring Sperm DNA, Promega®) and 
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100 ng of the probe (Silva et al., 2020). For the MN probe pool, the hybridization mix 

consisted of 50% formamide (Sigma®) + 2X SSC (Sigma®), 20 μg competitor DNA 

(Herring Sperm DNA, Promega®), 200 ng extra competitor DNA (amplified DNA from 

MN 1 for MN 2 probe pool and conversely) and 200 ng of the probe pool. The mixes 

were denatured at 85°C for 5 min, followed by immediate transfer to ice for at least 

5 min. 35 μL of the mix were placed on the slides, which were covered by a plastic 

coverslip HybriSlip (Sigma®) and sealed with Rubber Cement Elmer’s®. In a 

ThermoBrite system (ThermoFisher®), nuclei and MN were denatured at 68ºC for 3 

min and metaphases at 70°C for 3 min, followed by hybridization at 37°C for 24 h. 

After, the coverslips were removed and stringency washes were performed in three 

solutions of 50% formamide/2X SSC and one of 2X SSC, for 5 min each at 45°C, 

resulting in a stringency of ~82%. The slides were counterstained with 40% 

glycerol/PBS + 6-diamidino-2 phenylindole (DAPI), covered with 24 x 40 mm glass 

coverslip and sealed with nail polish (adapted from Schwarzacher and Heslop-

Harrison, 2000). The MN images obtained from DAPI counterstaining were also used 

to investigate the presence of AT rich-portions in the MN composition. 

For each probe, at least 15 metaphases and at least 20 nuclei with MN were 

randomly captured with a photomicroscope OlympusTM BX60 equipped with an 

immersion objective 100x/A.N. 1.4, a 12-bits CCD digital video camera (OlympusTM 

DP71), WB (MN 1 probe pool – green florescence), WG (MN 2 probe pool, 180-bp 

knob and Grande LTR-retrotransposon probes – red florescence) and WU (DAPI 

staining) filters, and a computer with a digitizer plate. The images were captured 

using the exposure time of 1/1.8 sec for green and red florescence and 1/60 sec for 

DAPI staining, processed by Image ProPlus 6.1 software (Media Cybernetics®) and 

edited with the same brightness and contrast in Adobe Photoshop CC. 

 

3. Results 

 

The hydrolysis from 5 M HCl for 45 min provided morphologically preserved 

nuclei and MN, without cytoplasmic background and stoichiometrically stained by 

Schiff's reagent (Supplementary Figure 2). System calibration was appropriate, 

since the obtained 4C/2C ratio, CV and standard deviation values were adequate. 

The 4C/2C ratio oscillated from 2.054 – 2.175; required optimum values lie between 
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1.8 and 2.2 (Böcking and Huy Nguyen, 2004). CV ranged from 2.533% – 4.538% for 

prophasic and 2.347% – 4.861% for telophasic nuclei. CV values for image 

cytometry analyses must be lower than 5% (Haroske et al., 2001). Standard 

deviations ranged from 4.769 – 18.835 for prophasic and 2.437 – 13.249 for 

telophasic nuclei. Thus, we considered the image cytometry procedure adequate to 

measure the IOD values of the nuclei and MN. 

The IOD mean values for the slides ranged from 187.476 – 591.728 for 

prophasic and from 86.383 – 272.536 for telophasic nuclei, highlighting the 

relevance of the presence of the MMS treated meristematic cells and of the negative 

control in the same slide. Each MN showed a distinct IOD value, which varied for 

each slide. They ranged from 18.168 – 23.207; 24.941 – 39.494; 14.362 – 34.169; 

16.317 – 38.297; 19.861 – 43.051; 19.345 – 45.624; 24.941 – 41.647; 11.753 – 

42.259; 11.776 – 42.960; 13.882 – 68.086, showing the variability of the MN in 

relation to the DNA sizing (Figure 2). Consequently, the DNA sizing values from each 

MN were distinct. The variation of MN DNA sizing was categorized in 6 groups 

(Figure 3). The majority of the MN (69%) presented DNA sizing ranging from 0.5 – 

1.5 pg (groups 2 and 3). Whereas, MN with DNA sizing ranging from 2.0 – 3.0 pg 

(groups 5 and 6) were less frequent (4%).  

 

 

 

Figure 2. Representative collection of (a) MN, (b) telophasic and (c) prophasic nuclei 

of Z. mays obtained from the same slide. Bar = 10 μm. 
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Figure 3. Representative histogram of the MN DNA sizing values in pg. The MN 

DNA sizing presented variable values, which were categorized in groups 1, 2, 3, 4, 

5 and 6 according to their respective intervals of DNA sizing. A predominance of MN 

with 0.5 – 1.5 pg was observed.  

 

180-bp knob and Grande LTR-retrotransposon sequences were also found in 

the MN composition. 180-bp knob sequence exhibited disperse signals in MN with a 

variation of fluorescence signals obtained in each MN (Figure 4a). In metaphases, 

positive signals were visualized in the long arm of the chromosomes 1, 2, 4, 5 and 8 

and in the short arm of the chromosome 5, with heterozygosity in pairs 1 and 5 

(Figure 5a). We found scattered signals of the Grande LTR-retrotransposon 

sequence with variable distribution in each MN (Figure 4b). Moreover, strong uniform 

signals were observed along the length of the ten chromosomes (Figure 5b). From 

MN counterstained with DAPI, a variation of positive signals was presented, showing 
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that AT rich-regions are involved in MN composition (Figure 6), and indicating that 

the MN presented chromatin with different compaction levels.  

 

 

 

Figure 4. Composition of nuclei/MN of Z. mays from in situ hybridization from probes 

labelled with Tetramethyl-rhodamine 5-dUTP (red) of (a) 180-bp knob and (b) 

Grande LTR-retrotransposon sequences. (a) Hybridization signals were observed 

dispersed along the nuclei/MN with variation of signal intensity in each MN. (b) MN 

displaying scattered hybridization signals with variable distribution and intensity in 

each MN. Bar = 10 μm. 
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Figure 5. Mapping of the (a) 180-bp knob and (b) Grande LTR-retrotransposon 

sequences (Tetramethyl-rhodamine 5-dUTP – red fluorescence) in the Z. mays 

karyotype. (a) Hybridization signals were mapped in the long arm of the 

chromosomes 1, 2, 4, 5 and 8, exhibiting heterozygosity in the chromosome pairs 1 

and 5. This result shows that the MN possess sequences of these Z. mays 

chromosomes. (b) All chromosomes displayed hybridization signals evenly 

distributed, indicating that the MN may be composed of fragments of the ten Z. mays 

chromosomes. Bar = 10 μm. 
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Figure 6. MN obtained from DAPI counterstaining showing the presence of AT rich-

portions in the MN composition. A variation of positive DAPI signals were visualized 

in each MN. Also, each MN presented chromatin with different compaction level. Bar 

= 10 μm. 

 

The micromanipulation procedure provided DNA fragments of the MN ranging 

from 100 – 1000 bp for MN 1, predominating 200 – 400 bp, and 100 – 2000 bp 

equally distributed for MN 2 (Supplementary Figure 1). Corroborating the previous 

data (MN DNA sizing and DNA sequence composition), the origin of these structures 

involved different chromosome fragments. Strong hybridization signals were 

visualized in all chromosomes (Figure 7). The MN 1 probe pool provided strong 

signals along the length of all chromosomes, with a lower accumulated profile in 

chromosome 6 and the short arm of chromosomes 2, 3, 4 and 9 (Figure 7a). The 

MN 2 probe pool showed intense spread signals along the length of all chromosomes 

except on centromeric, knob and secondary constriction regions (Figure 7b).  
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Figure 7. Mapping from MN probes labelled with (a) ChromaTide-488-5-dUTP 

(green) for MN 1 and (b) Tetramethyl-rhodamine 5-dUTP (red) for MN 2 in 

metaphase chromosomes of Z. mays. (a) The MN 1 probe pool resulted in 

accumulated hybridization signals along the chromosomes and less signals in 

chromosome 6 and the short arm of chromosomes 2, 3, 4 and 9. (b) The MN 2 probe 

pool showed intense spread signals over the chromosome length with exception of 

the centromeric, knob and secondary constriction regions. Bar = 10 μm.  

 

4. Discussion 

 

The MN varied in DNA sizing, composition based on variation of fluorescence 

signals of repetitive DNA sequences, and also origin, revealing the genotoxic impact 

of the MMS. The procedures employed here enabled the ascertainment of the DNA 

sizing, composition and origin of induced MN of Z. mays. Other mutagens (like N-

nitroso-N-methylurea, maleic hydrazide and X-rays) also induced MN presenting 

different compositions in meristematic cells of H. vulgare (Juchimiuk et al., 2007) 

and B. distachyon (Kus et al., 2018). Different to our study, these authors showed 



26 
 

 
 

that the MN presented variations in the occurrence of centromeric, telomeric and/or 

rDNA gene sequences. 

MN variability is a consequence of the action mechanism of MMS. MMS is a 

clastogenic and alkylating agent that promotes methylations in DNA nitrogenous 

bases. This mutagen acts by generating over 80% of its methyl adducts at the N7-

guanine, 10% of this alkylation change at the N3-adenine and 0.3% at the O6-

guanine (Jenkins et al., 2005). These purine bases occur along the Z. mays genome 

that contains 52.8% AT and 47.2% GC (Meister and Barow, 2007). Therefore, the 

MN with different DNA sizing, compositions and/or origins are consequence of the 

MMS damages on several genomic portions of the Z. mays genome. 

Based on image cytometry data, the MN are distinct in relation to DNA sizing. 

Considering the nuclear 1C value of Z. mays ‘AL Bandeirante’ (1C = 2.983 x 109 bp, 

Silva et al., 2018), our results indicated that ~16.76% to 50.28% of this reference 

value was lost due to MN formation. Regarding the 1C value of each chromosome 

of Z. mays ‘AL Bandeirante’ (Silva et al., 2018), our data showed that the MN 

presented DNA sizing values equivalent to different chromosome fragments. 

Moreover, the MN that presented DNA sizing values between 2.0 – 3.0 pg were 

generated from genomic fragments of different chromosomes. The MMS overdose 

used here possibly potentialized the number of chromosome breaks, which were 

accumulated and delimited by the membrane of a single one cell, generating these 

MN with a high DNA sizing value. The MMS promotes a delay of the replication fork 

progression due to methylation at the N3-adenine (Tercero and Diffley, 2001; Chang 

et al., 2002), consequently leading to a slower S phase progression and an 

interference in the cell cycle. Thus, probably the majority of the MN evaluated here 

were observed in cells with 2C value. 

All MN showed signals of the 180-bp knob and Grande LTR-retrotransposon 

sequences, in spite of the variation of fluorescence signals (number and/or intensity) 

among the MN. Until this study, centromeric, telomeric and rDNA sequences were 

used to analyze the composition of plant MN (Jovtchev et al., 2002; Juchimiuk et al., 

2007; Juchimiuk-Kwasniewska et al., 2011; Kus et al., 2017; Kus et al., 2018). Our 

results evidenced that the MN is composed additionally of other DNA sequences, as 

the 180-bp knob and Grande LTR-retrotransposon sequences. From MN 

composition and chromosome mapping of the 180-bp knob sequence and DAPI+ 
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banding, we concluded that there are fragments of chromosomes 1, 2, 4, 5 and 8 in 

MN composition. In addition, the hybridization profile of Grande LTR-retrotransposon 

sequence confirmed the MN composition and also evidenced that the MN possess 

genomic sequences of other Z. mays chromosomes, since this Grande LTR-

retrotransposon is distributed along the ten chromosomes. The 180-bp knob is rich 

in AT (Peacock et al., 1981; Jian et al., 2017) and the Grande LTR-retrotransposon 

presents 52% GC (García-Martínez and Martínez-Izquierdo, 2003; Sanmiguel and 

Vitte, 2009). As adenine and mainly guanine bases are targeted by MMS (Jenkins 

et al., 2005), these sequences can be indicated as hotspots of MMS DNA damage 

and consequently MN generation in Z. mays, mainly the Grande LTR-

retrotransposon. 

We reinforced this consideration based on results obtained from probes of the 

microdissected MN. The two-probe pools from microdissected MN showed 

hybridization signals in all chromosomes, evidencing that these MN were originated 

from fragments consisting of sequences common to all Z. mays chromosomes. In 

addition, the MN 1 and MN 2 possess Grande LTR-retrotransposon sequences, as 

this sequence is evenly distributed along the ten chromosomes of Z. mays. The 

preference of MMS for guanine (Jenkins et al., 2005) may have contributed to these 

results, since the Grande LTR-retrotransposon sequence is rich in GC portions 

(García-Martínez and Martínez-Izquierdo, 2003; Sanmiguel and Vitte, 2009). LTR-

retrotransposons compose ~75% of the Z. mays ‘B73’ reference genome (Schnable 

et al., 2009). Besides the Grande LTR-retrotransposon of the Gypsy superfamily, 

there are other families of these mobile elements distributed throughout the Z. mays 

chromosomes, such as Huck, Cinful, Tekay/Prem-1 (Gypsy superfamily) Prem-2/Ji 

and Opie of the Copia superfamily (Mroczek and Dawe, 2003; Lamb et al., 2007). In 

view of this, it is possible that the analyzed MN originated from fragments also 

containing sequences from these other retrotransposons. 

The different MN presented variable number of specific signals for the 180-bp 

knob sequence and AT portions (DAPI+). Considering that MMS introduces a methyl 

group to N3-adenine (Wyatt and Pittman, 2006), the presence of these signals is 

another consequence of the employed mutagen. Knobs are heterochromatic regions 

consisting of tandem repeat sequences integrated with LTR-retrotransposons 

(Ananiev et al., 1998; Lamb et al., 2007). Thus, the difference of heterochromatin 
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distribution among the MN may be correlated to the presence of these repetitive 

DNA sequences in MN composition. 

The MN 1 and MN 2 were originated from different chromosome fragments, 

since the pattern of hybridization signals of each MN probe pool were distinct, 

confirming the distinct profiles exhibited by the DOP-PCR products. In the MN 1 

probe pool, the fluorescence signals were often distributed along the ten 

chromosomes. Whereas the MN 2 probe pool did not show hybridization signals in 

centromeric, knob and secondary constriction regions.  

 

5. Conclusions 

 

Image cytometry and FISH with probes generated from repetitive DNA 

sequences and microdissected MN showed that MMS-induced MN of Z. mays are 

variable in DNA sizing, composition based on presence of 180-bp knob and Grande 

LTR-retrotransposon sequences, and origin. Fragments consisting of 180-bp knob 

and the Grande LTR-retrotransposon were highlighted as frequently involved in MN 

formation. In addition, the results are correlated to the mechanism of action of MMS, 

demonstrating the extent of the genotoxic damage promoted by the MMS mutagen 

in the Z. mays genome. 
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8. Supplementary Material 

 

 

 

Supplementary Figure 1. DOP-PCR amplification products of the five 

microdissected MN A, B, C, D and E analyzed in 1.5% agarose gel. Line M 

represents the base pair marker and lines 1 and 2 indicate the amplification products 

that resulted from microdissected MN 1 and MN 2, respectively. 
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Supplementary Figure 2. Stoichiometrically stained nuclei and MN of Z. mays 

obtained from slides submitted to hydrolysis with 5 M HCl for 45 min and stained 

with Schiff’s reagent for 12 h. Bar = 10 μm.  
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Supplementary Figure 3. (a) Boxplot and (b) probplot graphics presenting the 

dispersion of MN DNA values in pg. 

 


