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Abstract

Mitotic prophase chromosome condensation plays an essential role in nuclear division

being therefore regulated by highly conserved mechanisms. However, degrees of chromatin

condensation in prophase-prometaphase cells may vary along the chromosomes resulting

in specific condensation patterns. We examined different condensation patterns (CPs) of

prophase and prometaphase chromosomes and investigated their relationship with genome

size and distribution of histone H4 acetylated at lysine 5 (H4K5ac) in 17 plant species. Our

results showed that most species with small genomes (2C < 5 pg) (Arachis pusilla, Bixa orel-

lana, Costus spiralis, Eleutherine bulbosa, Indigofera campestris, Phaseolus lunatus, P. vul-

garis, Poncirus trifoliata, and Solanum lycopersicum) displayed prophase chromosomes

with late condensing terminal regions that were highly enriched in H4K5ac, and early con-

densing regions with apparently non-acetylated proximal chromatin. The species with large

genomes (Allium cepa, Callisia repens, Araucaria angustifolia and Nothoscordum pulchel-

lum) displayed uniformly condensed and acetylated prophase/prometaphase chromo-

somes. Three species with small genomes (Eleocharis geniculata, Rhynchospora pubera,

andR. tenuis) displayed CP and H4K5ac labeling patterns similar to species with large

genomes, whereas a forth species (Emilia sonchifolia) exhibited a gradual chromosome

labeling, being more acetylated in the terminal regions and less acetylated in the proximal

ones. The nucleolus organizer chromatin was the only chromosomal region that in prometa-

phase or metaphase could be hyperacetylated, hypoacetylated or non-acetylated, depend-

ing on the species. Our data indicate that the CP of a plant chromosome complement is

influenced but not exclusively determined by nuclear and chromosomal DNA contents,

whereas the CP of individual chromosomes is clearly correlated with H4K5ac distribution.
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Introduction

Chromatin condensation is a major step in the cell cycle, enabling the spatial separation of

each chromosome, their mobility to the equatorial plane, and correct segregation during ana-

phase. The processes involved in chromosome condensation are largely promoted by protein

complexes called condensins, but also involve histone modifications and the combined actions

of several other nuclear proteins and non-coding RNAs [1–2]. The condensation timing of

each chromosome region is inversely correlated with its replication time: late replicating chro-

matin (including heterochromatin) is early condensing, whereas early replicating chromatin

(gene-rich euchromatin) is late condensing [3–4]. As a consequence, prophase chromosomes

often appear differentiated into heteropycnotic regions (precociously condensed, and deeply

stained chromatin) and eupycnotic regions (under-condensed and less stained chromatin),

using classical cytological staining techniques [5]. The resulting condensation patterns (CPs)

are quite variable among species, being responsible for the longitudinal differentiation ob-

served, for example, in the pachytene chromosomes of many plant and animal species or in

the G (more condensed) and R (less condensed) euchromatic bands of vertebrate chromo-

somes [1].

The mitotic prophase-prometaphase chromosomes of plants may show different CPs,

characterized by varying proportions of early and late condensing chromatin. The different

proportions of early and late condensing chromatin may be enough to characterize each chro-

mosome of a karyotype [6–8]. Species with small chromosomes, such as Arabidopsis thaliana

and Theobroma cacao, typically show prophase chromosomes clearly differentiated into early-

condensed proximal chromatin and late-condensed terminal chromatin [9–10]. A quite dis-

tinct CP is observed in species with large chromosomes, such as Allium cepa and Vicia faba,

which have uniformly condensed prophase chromosomes [11]. These two extreme patterns

will be referred to here as the Arabidopsis-type and the Allium-type respectively. Between

these extremes, many intermediate CPs have been observed, displaying variable proportions of

early and late condensing chromatin, as for example among species of Solanum or orchids [12,

13]. The intermediate patterns can be grouped into Solanum-type (chromosomes generally

small, more similar to the Arabidopsis-type but with a higher proportion of proximal con-

densed chromatin) and Hordeum-type (medium sized chromosomes similar to Allium-type

but less uniformly condensed during prophase). In some cases, however, the characterization

of prophase chromosomes as belonging to Arabidopsis- or Solanum-type or to Hordeum- or

Allium-type is not easy. These four types of prophase chromosomes were originally described

as Cucurbita-, Fatshedera-, Pinus- and Allium-type [14]. The three first genera were changed

here by more widely known genera, having in mind A. thaliana, S. lycopersicum, andH. vulgare

as respective models.

CPs are strongly associated with the chromatin organization observed in interphase [11,

14], which has been formerly more intensively investigated (reviewed by Delay, [15]). Species

with the Arabidopsis-type CP display interphase nuclei with well-defined chromocenters

immersed in diffuse and weakly stained euchromatin. This type of nucleus is denominated are-

ticulate because its chromatin reticulum is almost invisible, especially after Feulgen staining.

Differently, species with Allium-type CP typically display nuclei with dense and uniformly

stained chromatin, referred to as eureticulate nuclei. Nuclei of species with the Solanum-type

CP show irregularly condensed chromatin and poorly defined chromocenters (semi-reticulate

nuclei), whereas those of Hordeum-type are similar to Allium-type but exhibit a less dense and

less regularly distributed chromatin (reticulate nuclei).

The different structural types of interphase nuclei and CPs are more or less correlated with

nuclear DNA amount, mean DNA content per chromosome, and chromosome size. In
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general, Arabidopsis- and Solanum-type CPs are found in species with low nuclear DNA con-

tent, whereas Hordeum- and Allium-types are usually found in species with higher DNA con-

tent [16, 17]. Similarly, a correlation between genome size and chromosomal distribution of

some posttranslationally modified histones has been reported for plant species. For example,

the chromosomal distribution of the histone H3 dimethylated at lysine 4 (H3K4me2) in Arabi-

dopsis thaliana (130 Mpb),H. vulgare (5440 Mpb), and V. faba (12810 Mpb), was distinct to

each species, but it was almost identical among species with similar chromosome size and

nuclear DNA content [18]. In V. faba and H. vulgare, both with large chromosomes, the

labeling pattern observed with H3K4me2 was very similar to that obtained with the histone

H4 acetylated at lysine 5 (H4K5ac) [19,20]. Likewise, in Costus spiralis and Eleutherine bul-

bosa, both with small chromosomes and Solanum-type CP, the distribution of H3K4me2

and H4K5ac signals were identical [21], suggesting that a general correlation between the

distribution of these histones and CPs may exist. Actually, chromosome regions enriched

in H3K4me2 and H4K5ac were found to be early replicating [18,22], therefore, they are

expected to be late condensing.

H4K5ac is a universal mark for euchromatin and is directly involved in the control of chro-

matin replication and indirectly associated to chromatin condensation [23–25]. In general,

early condensing chromatin (such as heterochromatin, G bands, and epignetically silenced

chromatin, as the inactive X chromosome of female mammals) is hypoacetylated in H4K5

[25–27]. In the few plant species where the chromosomal distribution of H4K5ac was investi-

gated by immunodetection, different patterns of acetylation were observed [21,22,28], but sys-

tematic efforts to correlate acetylation and CP have not been undertaken. It is interesting to

note that the acetylation level of H4K5 in some chromosome sites may change during the cell

cycle [20,23–24,29–30]. Further, specific chromatin types, as the nucleolus organizer region

(NOR), may be hyperacetylated in some species [19,31] and hypoacetylated or non-acetylated

in others [21], indicating that not all epigenetic marks are conserved in plants.

In this work, we analyzed the CPs, the nuclear and chromosomal DNA contents and the

distribution of H4K5ac in 17 plant species with different chromosome sizes. To identify the

acetylation levels of eu- or heterochromatic regions, the chromosomes were sequentially

stained with the fluorochromes chromomycin A3 (CMA) and 4’-6-diamidino-2-phenylindole

(DAPI) (which differentially stains most of the C-band heterochromatin) after immunodetec-

tion of H3K5ac. The distribution of heterochromatic bands was previously determined by C

or CMA/DAPI banding for most of the species examined here (e.g., [12,32–37]). We have for-

merly reported that the hyperacetylated chromatin fraction observed in prophase chromo-

somes remains roughly the same in metaphase chromosomes [21]. Since the distribution of

H4K5ac signals is more clearly defined when chromosomes are more condensed and sepa-

rated, during prometaphase to metaphase, the characterization of the distinct acetylation pat-

terns in the present sample was mainly performed in cells in these stages.

Materials andmethods

Plant material

Seeds of Araucaria angustifolia, Phaseolus vulgaris, and P. lunatus and bulbs of A. cepa were

obtained from commercial sources. Seeds of Solanum lycopersicum cv IPA-5 and Arachis

pusilla were kindly supplied by Instituto Agronômico de Pernambuco (IPA) and Prof. Regi-

naldo de Carvalho (Universidade Federal Rural de Pernambuco), respectively. The remaining

species were weeds or cultivated plants growing on the campus of the Federal University of

Pernambuco, Recife, Brazil. A list of all investigated species is presented in Table 1.

Prophase/prometaphase chromosome condensation patterns

PLOSONE | https://doi.org/10.1371/journal.pone.0183341 August 30, 2017 3 / 14

https://doi.org/10.1371/journal.pone.0183341


For Giemsa and CMA/DAPI staining, root tips were pretreated in 0.002 M 8-hydroxyqui-

noline (for species with small to medium-sized chromosomes) or 0.2% colchicine (for large

chromosomes) for 24 hours at 10˚C, fixed in a 3:1 ethanol-acetic acid solution, and subse-

quently stored at −20˚C. For immunostaining, the roots tips were pretreated as above, fixed

for 40 min in 4% paraformaldehyde, and subsequently rinsed in PBS.

Giemsa and CMA/DAPI staining and H4K5ac immunodetection

The protocols used for Giemsa and fluorochrome staining were identical to those previously

used with most of the species examined here (see e.g., [12]). Briefly, for conventional staining

with Giemsa, young root tips were washed in distilled water, hydrolyzed in 5N HCl, and

squashed in 45% acetic acid. The coverslips were removed in liquid nitrogen and the slides

stained with 2% Giemsa. For CMA/DAPI double staining, the root tips were digested in a 2%

cellulase-20% pectinase solution and squashed in 45% acetic acid. The coverslips were

removed in liquid nitrogen and the slides were left to age for three days. They were then

stained with CMA (0.1 mg/ml) for 60 min and subsequently counterstained with DAPI (2 μg/

ml). The slides were then mounted in glycerol/McIlvaine (1:1) and kept in the dark for three

days before analysis.

The protocol for immunostaining was identical to that used with Costus and Eleutherine by

Feitoza and Guerra [21]. The root tips were digested in a cellulase-pectinase solution and

squashed in PBS buffer. The coverslips were removed in liquid nitrogen and the slides incu-

bated in a blocking solution with 3% BSA (w/v) containing 0.1% Triton X-100 in PBS. The pri-

mary anti-H4K5ac antibody used (rabbit polyclonal IgG, Upstate Biotechnology, USA) was

Table 1. List of species investigatedwith the karyological data observed here. The species were ordered from the lowest to the highest genome size.

Species (2n) CP H4K5ac 2C (pg) ± SD Standard 2C/2n (pg)

Bixa orellana L. 14 S L 0.66 ± 0,03 Glycine maxMerr “Polanka” 0.05

Poncirus trifoliata L. (Raf) 18 S L 0.78a - 0.04

Rhynchospora tenuis Link 4 Al U 0.78 ± 0.05 Solanum lycopersicum L. “Stupické 0.19

Eleocharis geniculata (L.) Roem. & Schult. 10 Al U 1.14 ± 0.01 S. lycopersicum 0.11

Phaseolus vulgaris L. 22 S L 1.20a - 0.05

Phaseolus lunatus L. 22 S L 1.40a - 0.06

Emilia sonchifolia (L.) DC 10 H G 1.44 ± 0.06 G.max 0.14

Indigofera campestris Bong. ex Benth. 32 S L 1.85 ± 0.18 Zea mays L. “CE-333” 0.06

Solanun lycopersicum L. cv. IPA-5 24 S L 2.13 ±0.04 Z.mays 0.08

Eleutherine bulbosa (Miller) Urban 12 S L 2.63 ± 0.12 Z.mays 0.22

Rhynchospora pubera L. 10 Al U 3.29 ± 0.18 Z.mays 0.33

Costus spiralis (Jacq.) Roscoe 18 S L 3.32 ± 0.12 Pisum sativum L. “Ctirad” 0.18

Arachis pusilla Benth 20 S L 4.18 a - 0.21

Callisia repens (Jacq.) L. 12 Al U 16.53 ± 0.24 Vicia faba L. “Inovec” 1.38

Allium cepa L. 16 Al U 33.55a - 2.09

Araucaria angustifolia (Bertol.) Kuntze 26 Al U 44.7 a - 1.72

Nothoscordum pulchellum Kunth. 10 Al U 49.94 ± 0.33b V. faba 4.99

ahttp://data.kew.org/cvalues/
b(Gustavo Souza, personal communication)

Abbreviations: 2n (chromosome number); CP (condensation pattern); H4K5ac (distribution of anti-H4K5ac signals); 2C (nuclear DNA content); Standard

(standard species used as reference for DNA content estimation); 2C/2n (average DNA content per chromosome); Ar (Arabidopsis-type); Al (Allium-type); H

(Hordeum-type); S (Solanum-type); U (uniform); L (localized); G (gradual).

https://doi.org/10.1371/journal.pone.0183341.t001
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diluted 1:300 in PBS containing 3% BSA. The slides were incubated overnight at 4˚C and

detected with FITC-conjugated anti-rabbit IgG (Sigma) diluted 1:60 in a blocking solution.

After washes in 1× PBS, the preparations were mounted and counterstained with DAPI (2 μg/

mL):Vectashield (1:1). Photographic records were made using a Leica DMLB microscope

equipped with a CCD Cohu video camera, and Leica QFISH software. Final images were

edited using Adobe Photoshop CS3 version 10.0 software.

Nuclear DNA contents

DNA content estimations were performed using a CyFlow SL (Partec) flow cytometer and Flo-

max software (Partec), following the protocol described by Doležel et al. [38]. Young leaves of

the specimens examined were fragmented (using a razor blade) together with an internal stan-

dard, in 0.5 ml of cold Otto I buffer (0.1 M citric acid + 0.5% Tween 20), and filtered through a

nylon membrane (45 μm pores). After the addition of 0.5 ml Otto II buffer (0.4 M Na2H-

PO4.12H2O) supplemented with RNAse (50 μg/ml) and propidium iodide (PI) (50 μg/ml), the

samples were immediately analyzed. Exceptionally, for Callisia repens, fragmentation was per-

formed inWPB (woody plant buffer), followed by filtering, and supplemented with RNAse

and PI, following Loureiro et al.[39].

The internal reference standards used were: S. lycopersicum L. ‘Stupické polnı́ rané’

(2C = 1.96 pg), Vicia faba L. ‘Inovec’ (2C = 26.90 pg), Pisum sativum L. ‘Ctirad’ (2C = 9.09 pg),

Zea mays L. ‘CE-777’ (2C = 5.43 pg), and Glycine Max (L.) Merr. ‘Polanka’ (2C = 2.55 pg) [38].

Seeds of all of the internal standards were furnished by Dr. J. Doležel (Institute of Experimen-

tal Botany, Olomouc, Czech Republic). An internal standard was selected for each plant ana-

lyzed so that its genome size was close to, but not overlapping, that of the analyzed sample.

Nuclear DNA contents (2C) were calculated by the equation: (Sample peak mean/Standard

peak mean) × 2C DNA content of standard (pg). Each species was evaluated three different

times on three different days. We also estimated the genome sizes of E. bulbosa and C. spiralis

from the same cultivated samples previously analyzed for their H4K5ac distributions [21].

Results

Estimates of nuclear DNA content

The DNA contents of Callisia repens, Eleocharis geniculata, Emilia sonchifolia, Indigofera cam-

pestris, Rhynchospora pubera, R. tenuis, C. spiralis, and E. bulbosa were estimated here for the

first time and are presented in Table 1, together with the internal standard used for each. The

2C values previously estimated for the remaining species (A. cepa, A. angustifolia, Arachis

pusilla, Bixa orellana, Nothoscordum pulchellum, Phaseolus vulgaris, P. lunatus, and Poncirus

trifoliata) and their respective average chromosomal DNA contents (2C/2n values) are also

indicated in Table 1. The value obtained for B. orellana (2C = 0.66 ± 0.03) was ~50% greater

than previously reported [40]. In order to check for technical errors, we analyzed a second

sample collected in a private garden using a different standard species (Raphanus sativus cv.

Saxa, 2C = 1.11, [38]) as well as a different buffer (WPB), but the 2C value obtained remained

nearly the same (0.65 ± 0.02 pg). The smallest 2C and 2C/2n values observed here were for B.

orellana and P. trifoliata (0.66 and 0.04 pg respectively) while the highest value found was with

N. pulchellum (2C = 49.94 pg; 2C/2n = 4.99 pg).

Correlation between CP and DNA content

Chromosomes of most species with low DNA content (2C< 5 pg) displayed typically well con-

densed regions (deeply stained with Giemsa), and less condensed regions (weakly stained) (Figs

Prophase/prometaphase chromosome condensation patterns
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1 and 2). In species with the Solanum-type CP, the amount of early condensing chromatin was

quite variable, depending on the species investigated. A typical Arabidopsis-type CP was not

found. The group of species with Solanum-type CP included B. orellana (2C = 0.66 pg), P. trifo-

liata (2C = 0.78 pg), P. vulgaris (2C = 1.20 pg), P. lunatus (2C = 1.40 pg), I. campestris (2C = 1.85

pg), S. lycopersicum (2C = 2.13 pg), E. bulbosa (2C = 2.63 pg), C. spiralis (2C = 3.32 pg), and A.

pusilla (2C = 4.18 pg) (Table 1). Bixa orellana stood out for having a bimodal karyotype, with

six small chromosome pairs and a larger one. During prometaphase, one of the arms of the larg-

est chromosome pair was more deeply stained than the other (Fig 2C1 and 2C4). This

Fig 1. Distribution of H4K5ac in chromosomes of species with low DNA content. a, Indigofera campestris; b, Phaseolus lunatus;
c, P. vulgaris; d, Solanum lycopersicum. Images display, respectively, Giemsa (black and white), DAPI (gray), FITC-conjugated anti-
H4K5ac (green), DAPI/FITC (gray/green), and CMA/DAPI (yellow/gray) staining. Insets showmagnified chromosomes displaying high
and low condensed regions (a1-d1), and CMA+NORs unlabeled with anti-H4K5ac (b4, b5). Arrows in c and d point to hyperacetylated
CMA+NORs. Insets in d2 and d3 showmagnified chromosome (left arrow). Arrowheads in c3 and c4 indicate hypoacetylated CMA+

chromocenters. Scale bar in a1 corresponds to 10 μm.

https://doi.org/10.1371/journal.pone.0183341.g001
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chromosome pair had a proximal secondary constriction that was usually highly distended,

leaving the chromosome arms far from each other (arrows in Fig 2C4 point to the heterochro-

matic arms whereas the other two arms were associated with each other by the CMA+NORs).

Likewise, E. bulbosa had a bimodal karyotype with a single pair of large chromosomes (~8 μm,

corresponding to 42.5% of the total chromosome complement length or 0.56 pg) that were

almost entirely condensed during prometaphase, except for a very small terminal region,

whereas the five pairs of small chromosomes displayed overall low condensation [41].

The genome of E. sonchifolia (2C = 1.44 pg) was slightly larger than that of the other species

with low nuclear DNA content (Table 1). Its chromosomes were almost uniformly condensed

during prophase and prometaphase, with the short arms being more condensed than the long

arms (Fig 3A1) due to their pericentromeric heterochromatin [42], whereas the interstitial to

terminal regions of the long arms were slightly less condensed (Hordeum-type CP).

The three other species with low genomic DNA content (Rhynchospora tenuis, 2C = 0.78

pg; R. pubera, 2C = 3.29 pg; Eleocharis geniculata, 2C = 1.14 pg) had small to medium sized

chromosomes, which were uniformly condensed during prophase (Allium-type CP, Fig 3B1–

3D1). The four species with large genomes and large chromosomes (A. cepa, 2C = 33.55 pg; C.

repens, 2C = 16.53 pg; N. pulchellum, 2C = 49.94 pg; and A. angustifolia, 2C = 44.7) also had

uniformly condensed prophase chromatin but much denser than the three former species (Fig

4A1, 4C1 and 4D1).

Fig 2. Distribution of H4K5ac in chromosomes of species with low DNA content. a, Poncirus trifoliata; b,
Arachis pusilla; c, Bixa orellana. Images display, respectively, Giemsa (black and white), DAPI (gray), FITC-
conjugated anti-H4K5ac (green), DAPI/FITC (gray/green), CMA (yellow), and CMA/DAPI (yellow/gray) staining.
Inset in a1 shows a chromosome with a proximal early condensing chromatin and a terminal heterochromatic
block. Arrowheads in b point to the weakly stained A chromosome pair. Asterisks in a indicate chromosomes
amplified in a4. Arrows in c point to the heterochromatic arm of chromosome pair 1 in prophase nuclei. Asterisks
in c indicate the hypoacetylated CMA+ regions around the secondary constriction. Scale bar in a1 corresponds to
10 μm.

https://doi.org/10.1371/journal.pone.0183341.g002
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Heterochromatin differentiation with CMA/DAPI

Staining with the fluorochromes CMA and DAPI identified CMA+ bands in one or more

chromosome pairs in all of the species investigated. These bands corresponded to all of (or

most of) the known C-bands for those species [12,34,36, 39,43–44]. No DAPI+ band was

clearly observed. Noteworthy, the heterochromatic bands in all species with Solanum-type CP

constituted only a small fraction of the condensed chromatin.

The CMA+ bands of I. campestris, P. lunatus, P. vulgaris, and A. pusilla were located in the

proximal regions of all of the chromosomes (Figs 1 and 2). In B. orellana and A. angustifolia

there was a single pair of CMA+/DAPI˗ band, which was located in the proximal region and

corresponded to the NOR (Figs 2C7 and 4D4). Additional pericentromeric heterochromatin

on the smaller chromosomes of B. orellana and interstitial to terminal bands observed on its

largest chromosome pair were identified only by C-banding [36] but not by CMA/DAPI stain-

ing. In both Phaseolus species, besides the proximal CMA+ bands, there were additional termi-

nal CMA+ bands corresponding to the NORs (Fig 1B5 and 1C4). NORs were identified as

secondary constrictions distended at metaphase or the only CMA+ bands in the karyotype, as

in B. orellana (Fig 2C7), E. sonchifolia (Fig 3A5), N. pulchellum (Fig 4C4), and A. angustifolia

(Fig 4D4). In P. lunatus, N. pulchellum, P. trifoliata, E. sonchifolia, and S. lycopersicum the

NORs had also been previously identified by FISH with rDNA probe [12,33,35,39,43]. In S.

lycopersicum, besides the NORs there were some very small bands on other chromosomes (Fig

1D4). Small CMA+ bands were observed in the terminal regions of all of the chromosomes of

A. cepa, including the NORs localized terminally in the short arms of a submetacentric pair

(Fig 4A4). In P. trifoliata there were 16 CMA+ bands, six of which correspond to rDNA sites

[33] (Fig 2A3).

Chromosomal distributions of H4K5ac

The immunodetection of H4K5ac revealed three different chromosome labeling patterns: (a)

uniform (chromosomes uniformly labeled), (b) gradual (labeling decreasing in intensity from

Fig 3. Distribution of H4K5ac in chromosomes of Emilia sonchifolia (a),Rhynchospora tenuis (b),R. pubera (c),
and Eleocharis geniculata (d). Images display, respectively, Giemsa (black and white), DAPI (gray), FITC-
conjugated anti-H4K5ac (green), DAPI/FITC (gray/green), and CMA/DAPI (yellow/gray) staining. Arrows in a5 and
d2 point to NORs. Scale bar in a1 corresponds to 10 μm.

https://doi.org/10.1371/journal.pone.0183341.g003
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the terminal region to the proximal one); (c) localized (signals restricted to the low condensed

regions). The localized pattern was found in all species with the Solanum-type CP (Table 1;

Figs 1 and 2). In P. trifoliata, the chromosomes with a terminal CMA+ band displayed often a

subterminal labeling (Fig 2A4, upper row). The small chromosomes of B. orellana differed

Fig 4. Distribution of H4K5ac in chromosomes of species with high DNA content. a, Allium cepa; b,Callisia repens; c, Nothoscordum
pulchellum; d, Araucaria angustifolia. Images display, respectively, Giemsa (black and white), DAPI (gray), FITC-conjugated anti-H4K5ac (green),
and CMA/DAPI (yellow/gray) staining. Arrows point to the NORs. Scale bar in a1 corresponds to 10 μm.

https://doi.org/10.1371/journal.pone.0183341.g004
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from the largest pair in that the former were hyperacetylated in the both interstitial and termi-

nal regions, while the large chromosome pair was weakly and irregularly labeled in these

regions (Fig 2C5-7).

Uniformly acetylated prophase/prometaphase chromosomes were found in all species with

large genomes (A. cepa, C. repens, N. pulchellum, and A. angustifolia) or with holokinetic chro-

mosomes (R. tenuis, R. pubera, and E. geniculata) (compare Fig 3B–3D with Fig 4). Labeling

had often a granular appearance, sometimes displaying small gaps, quite different from the

compact and more brilliant blocks observed in species with differentially condensed chroma-

tin. A gradual labeling pattern was observed only in E. sonchifolia, which displayed chromo-

somes more acetylated in the terminal region of the long arms and less acetylated in the short

arms and pericentromeric regions (Fig 3A3-4). Remarkably, NORs were the only chromo-

somal regions that could be unequivocally identified as non-acetylated (Figs 1B4, 2C5-7 and

3A3-5), hypoacetylated (Fig 4A3, 4C3 and 4D3) or hyperacetylated (Fig 1C3 and 1D3),

depending on the species.

In prophase to metaphase cells of A. pusilla and most other species of the section Arachis,

there is a small, typically under-condensed chromosome pair, called A chromosome [45].

Even at metaphase this kind of chromosome displayed only a very small amount of completely

condensed chromatin and was entirely hyperacetylated (Fig 2B2-5). Observe that the A chro-

mosomes were very weakly stained with both DAPI (Fig 2B2) and CMA (Fig 2B5).

Discussion

Chromosome condensation pattern and DNA content

All of the species with the Solanum-type CP that were investigated here, including E. bulbosa

and C. spiralis, had low nuclear DNA content (2C< 5 pg) and low mean DNA content per

chromosome (2C/2n< 0.5 pg). The species with the Allium-type CP had either large genomes

(2C> 5 pg) and large amount of DNA per chromosome (> 0.5 pg), or small genomes and

holokinetic chromosomes. Holokinetic chromosomes are characterized by multiple centro-

meric units intercalated with small patches of euchromatin [46]. This regular and punctate dis-

tribution of euchromatin could explain the uniform acetylation pattern found in these species,

independent of genome size. A small genome size was also found in Emilia sonchifolia, the

only species in the present sample displaying the Hordeum-type CP. Therefore, the amount

of DNA per genome (or per chromosome) is associated with the different CPs but it is not

enough to determine them. A similar correlation between nuclear/chromosomal DNA content

and CP had been previously observed in 17 species of Rutaceae [17]. Likewise, species with are-

ticulate and semi-reticulate interphase nuclei (associated with Arabidopsis/Solanum-type CP)

had low DNA content (< 5 pg) whereas those with reticulate and eureticulate nuclei (Hor-

deum/Allium-type) had higher DNA content [16]. In both these studies there were some

exceptions to the general trend, suggesting that other factors may also contribute to the estab-

lishment of a specific CP.

Chromosome condensation pattern and H4K5 acetylation

The H4K5 acetylation patterns observed here are in agreement with those reported for other

plant species with known CPs, such as A. thaliana, Silene latifolia, V. faba, andH. vulgare

[9,20,22]. Our data further confirmed the acetylation pattern previously described for A. cepa

[22] and Phaseolus vulgaris [28], reinforcing the reliability of the methodology used.

In the present sample we found three different patterns of H4K5ac distribution: an uniform

labeling, in species with the Allium-type CP; a gradual labeling, associated with the Hordeum-

type CP; and a localized labeling, in species with the Arabidopsis/Solanum-type CP. These

Prophase/prometaphase chromosome condensation patterns
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patterns were quite similar to those observed for H3K4me2 [18,47], suggesting that both his-

tone modifications contribute to determine the chromatin condensation timing and CPs.

Notably, all of the chromosomes of a karyotype display the same CP and similar distribution

of H4K5ac [19,22,28], H3K4me2 [18,47], and some other epigenetic marks [21,30,47]. However,

the proportion of high/low condensed chromatin may vary between prophase/prometaphase

chromosomes of a karyotype exhibiting the Arabidopsis/Solanum-type PC. For example, during

the prometaphase of E. bulbosa only the chromosome pair I was almost entirely condensed and

unlabeled with anti-H4K5ac [21], whereas in A. pusilla only the A chromosome pair was almost

completely undercondensed. The differential proportion of high and low condensed chromatin

observed in these chromosome pairs was directly correlated with the amount of repetitive DNA

sequences accumulated in each one. In E. bulbosa, the main satellite DNA sequences and most

retroelements are largely accumulated in the chromosome pair I [48], while in Arachis species

the A chromosome pair exhibit the lowest concentration of repetitive sequences [49]. Likewise,

the more condensed chromatin fraction of prophase/prometaphase chromosomes of S. lycoper-

sicum is highly enriched in retrotransposons and has a gene density 10–100 times lower than

the less condensed euchromatin [50, 51]. Therefore, the CP should be primarily determined not

by chromosome size or chromosomal DNA content but rather by the amount of repetitive

sequences and by the way they are distributed along the chromosomes.

H4K5 acetylation levels in euchromatin and heterochromatin

In prophase/prometaphase chromosomes of species displaying the Arabidopsis/Solanum-type

CP, the less condensed euchromatin fraction differed strongly from the more condensed one

in their acetylation levels, indicating that hyperacetylation is not a universal mark of euchro-

matin (at least when we consider the euchromatin concept based on C-banding). For example,

the interstitial to proximal condensed region of most prophase/prometaphase chromosomes

of S. lycopersicum includes only a small fraction of heterochromatin [12] but it is uniformly

non-acetylated.

Heterochromatic bands, on the other hand, are known to be cytologically lacking of

H4K5ac signals [18,21] and indeed most of them were non-acetylated. However, the pericen-

tromeric C-bands present in all of the chromosomes of E. sonchifolia [42] and the terminal het-

erochromatic bands of A. cepa, as well as the pericentromeric C-bands of A. cepa reported by

some authors [32,52], were weakly acetylated (see also Vyskot et al. [22]). The largest chromo-

some pair of B. orellana had one chromosome arm completely heteropycnotic, mainly com-

posed by C-bands [34], which was partially labeled with anti-H4K5ac. These data indicate

that some heterochromatic regions may be considerably enriched in H4K5ac, as previously

observed in other organisms [24,29,53–54].

A particular kind of heterochromatin positively stained for C-banding and CMA is the

NOR [42]. In the present sample, NORs could be hyperacetylated (Phaseolus vulgaris, P.

lunatus, and S. lycopersicum), weekly acetylated (A. cepa, A. angustifolia, and N. pulchellum),

or non-acetylated (B. orellana, E. bulbosa, P. trifoliata, and E. sonchifolia). The acetylation

level in these cases was independent of the condensation status of the NORs in prophase

and metaphase cells. This is an unusual condition where a CMA+ band (NOR) can be hyper-

acetylated [19–21,23] and the acetylation pattern does not match perfectly the heteropycno-

tic pattern.

Conclusions

Our data indicate that chromosome condensation is a karyotype feature that affects all chro-

mosomes of a complement in a similar way. This is most evident in chromosomes with
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Allium-type CP, but it is equally true for all other CPs. The different patterns are strongly asso-

ciated with the chromosomal distribution of H4K5ac and only partially correlated with nuclear

and mean chromosomal DNA contents. The repetitive DNA sequences of species with the

Arabidopsis/Solanum-type CP are largely concentrated in the more condensed and non-acety-

lated proximal chromosome regions, whereas in Allium/Hordeum-type CP they are appar-

ently finely spread throughout of the chromosomes. The change from one distribution pattern

to the other is in some way related to changes in the average DNA amount per chromosome,

but other karyological features, as for example massive expansion of repetitive sequences or

the presence of holocentromeres, may play a dominant role in the establishment of a new CP

in all chromosomes of the complement.
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tées a la Faculté des Sciences de L’Université de Paris. Mason & Cie. (Ed.), Paris, 178 pp, 1949.

16. Barlow PN. Determinants of nuclear chromatin structure in angiosperms. Ann Sci Nat Bot Biol Veg.
1977; 18: 193–206.

17. Guerra M. Cytogenetics ofRutaceae IV. Structure and systematic significance of interphase nuclei.
Cytologia. 1987; 52: 213–222.

18. Houben A, Demidov D, Gernand D, Meister A, Leach CR, Schubert I. Methylation of histone H3 in
euchromatin of plant chromosomes depends on basic nuclear DNA content. Plant J. 2003; 33(6): 967–
973. PMID: 12631322

19. Houben A, Belyaev ND, Turner BM, Schubert I. Differential immunostaining of plant chromosomes by
antibodies recognizing acetylated histone H4 variants. Chromosome Res. 1996; 4(3): 191–194. PMID:
8793202

20. Wako T, FukudaM, Furushima-Shimogawara R, Belyaev ND, Fukui K. Cell cycle-dependent and lysine
residue-specific dynamic changes of histone H4 acetylation in barley. Plant Mol Biol. 2002; 49(6): 645–
653. PMID: 12081372

21. Feitoza L, Guerra M. Different types of plant chromatin associated with modified histones H3 and H4
and methylated DNA. Genetica. 2011; 139(3): 305–314. https://doi.org/10.1007/s10709-011-9550-8
PMID: 21327493

22. Vyskot B, Siroky J, Hladilova R, Belyaev ND, Turner BM. Euchromatic domains in plant chromosomes
as revealed by H4 histone acetylation and early DNA replication. Genome. 1999; 42(2): 343–350.
PMID: 10231965

23. Jasencakova Z, Meister A,Walter J, Turner BM, Schubert I. Histone acetylation of euchromatin and het-
erochromatin is cell cycle dependent and correlated with replication rather than with transcription. 2000;
Plant Cell 12(11): 2087–2100. PMID: 11090211

24. Jasencakova Z, Meister A, Schubert I. Chromatin organization and its relation to replication and histone
acetylation during the cell cycle in barley. Chromosoma. 2001; 110(2): 83–92. PMID: 11453558

25. KschonsakM, Haering CH. Shaping mitotic chromosomes: From classical concepts to molecular mech-
anisms. Bioessays. 2015; 37(7): 755–766. https://doi.org/10.1002/bies.201500020 PMID: 25988527

26. Jeppesen P. Histone acetylation: a possible mechanism for the inheritance of cell memory at mitosis.
BioEssays. 1997; 19(1): 67–74. https://doi.org/10.1002/bies.950190111 PMID: 9008418

27. Fuchs J, Demidov D, Houben A, Schubert I. Chromosomal histonemodification patterns–from conser-
vation to diversity. Trends Plant Sci. 2006; 11(4): 199–208. https://doi.org/10.1016/j.tplants.2006.02.
008 PMID: 16546438

28. Fonseca A, Richard MMS, Valérie G, Pedrosa-Harand A. Epigenetic analyses and the distribution of
repetitive DNA and resistance genes reveal the complexity of common bean (Phaseolus vulgaris L.,
Fabaceae) Heterochromatin. Cytogenet Genome Res. 2014; 143(1–3): 168–178. https://doi.org/10.
1159/000360572 PMID: 24752176

29. Turner BM, Birley AJ, Lavender J. Histone H4 isoforms acetylated at specific lysine residues define indi-
vidual chromosomes and chromatin domains in Drosophila polytene nuclei. Cell. 1992; 69(2): 375–
384. PMID: 1568251

30. Feitoza L, Guerra M. The centromeric heterochromatin ofCostus spiralis: poorly methylated and tran-
siently acetylated during meiosis. Cytogenet Genome Res. 2011; 135(2): 160–166. https://doi.org/10.
1159/000331231 PMID: 21934285

31. Idei S, Kondo K, Turner BM, Fukui K. Tomographic distribution of acetylated histone H4 in plant chro-
mosomes, nuclei and nucleoli. Chromosoma. 1996; 105(2): 293–302.
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Foz do Iguaçu, Brazil).

49. Bertioli DJ, Cannon SB, Froenicke L, Huang G, Farmer AD et al. The genome sequences of Arachis
duranensis and Arachis ipaensis, the diploid ancestors of cultivated peanut. Nat Genet. 2016; 48(4):
438–449. https://doi.org/10.1038/ng.3517 PMID: 26901068

50. Wang Y, Tang X, Cheng Z, Mueller L, Giovannoni J, Tanksley SD. Euchromatin and pericentromeric
heterochromatin: comparative composition in the tomato genome. Genetics. 2006; 172(4): 2529–2540.
https://doi.org/10.1534/genetics.106.055772 PMID: 16489216

51. Shearer LA, Anderson LK, De Jong H, Smit S, Goicoechea JL, Roe BA et al. Fluorescence In Situ
hybridization and optical mapping to correct scaffold arrangement in the tomato genome. G3
(Bethesda). 2014; 4(8): 1395–1405.

52. Castiglione MR, Giraldi E, Frediani M. The DNAmethylation pattern of Allium cepametaphase chromo-
somes. Biol Zent bl. 1996; 114: 57–66.

53. Houben A, Belyaev ND, Leach CR, Timmis J N. Differences in histone H4 acetylation and replication
timing between A and B chromosomes of Brachycome chromosomatica. Chromosome Res. 1997; 5
(4): 233–237. https://doi.org/10.1023/B:CHRO.0000032297.10876.86 PMID: 9244450

54. Johnson CA, O’Neill LP, Mitchell A, Turner BM. Distinctive patterns of histone H4 acetylation are associ-
ated with defined sequence elements within both heterochromatic and euchromatic regions of the
human genome. Nucleic Acids Res. 1998; 26(4): 994–1001. PMID: 9461459

Prophase/prometaphase chromosome condensation patterns

PLOSONE | https://doi.org/10.1371/journal.pone.0183341 August 30, 2017 14 / 14

https://doi.org/10.1007/s00122-012-1806-x
http://www.ncbi.nlm.nih.gov/pubmed/22331139
https://doi.org/10.1038/nprot.2007.310
http://www.ncbi.nlm.nih.gov/pubmed/17853881
https://doi.org/10.1093/aob/mcm152
https://doi.org/10.1093/aob/mcm152
http://www.ncbi.nlm.nih.gov/pubmed/17684025
https://doi.org/10.1080/10520290903149596
http://www.ncbi.nlm.nih.gov/pubmed/19657781
https://doi.org/10.1007/s10577-010-9130-2
http://www.ncbi.nlm.nih.gov/pubmed/20490650
http://www.ncbi.nlm.nih.gov/pubmed/10659791
https://doi.org/10.1007/s00412-016-0616-3
http://www.ncbi.nlm.nih.gov/pubmed/27645892
https://doi.org/10.1159/000230007
http://www.ncbi.nlm.nih.gov/pubmed/19738383
https://doi.org/10.1038/ng.3517
http://www.ncbi.nlm.nih.gov/pubmed/26901068
https://doi.org/10.1534/genetics.106.055772
http://www.ncbi.nlm.nih.gov/pubmed/16489216
https://doi.org/10.1023/B:CHRO.0000032297.10876.86
http://www.ncbi.nlm.nih.gov/pubmed/9244450
http://www.ncbi.nlm.nih.gov/pubmed/9461459
https://doi.org/10.1371/journal.pone.0183341

