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Abstract

Spatial organization of chromosome territories is important for maintenance of genomic sta-

bility and regulation of gene expression. Recent studies have shown tissue-specific features

of chromosome attachments to the nuclear envelope in various organisms including malaria

mosquitoes. However, other spatial characteristics of nucleus organization, like volume and

shape of chromosome territories, have not been studied in Anopheles. We conducted a

thorough analysis of tissue-specific features of the X chromosome and nucleolus volume

and shape in follicular epithelium and nurse cells of the Anopheles atroparvus ovaries using

a modern open-source software. DNA of the polytene X chromosome from ovarian nurse

cells was obtained by microdissection and was used as a template for amplification with

degenerate oligo primers. A fluorescently labeled X chromosome painting probe was hybrid-

ized with formaldehyde-fixed ovaries of mosquitoes using a 3D-FISH method. The nucleolus

was stained by immunostaining with an anti-fibrillarin antibody. The analysis was conducted

with TANGO—a software for a chromosome spatial organization analysis. We show that the

volume and position of the X chromosome have tissue-specific characteristics. Unlike nurse

cell nuclei, the growth of follicular epithelium nuclei is not accompanied with the proportional

growth of the X chromosome. However, the shape of the X chromosome does not differ

between the tissues. The dynamics of the X chromosome attachment regions location is tis-

sue-specific and it is correlated with the process of nucleus growth in follicular epithelium

and nurse cells.

Introduction

Interphase chromosomes maintain integrity and occupy specific volume known as chromo-

some territories (CTs) inside the nucleus [1–2]. Non-random organization of CTs is important

for the functioning of the genetic apparatus of the cell [3]. A significant aspect of the nuclear

architecture is interaction between chromatin and other nuclear compartments. For example,

lamina plays a fundamental role in the process of CT formation at the nuclear periphery [4].
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The nucleolus is a ribosomal RNA synthesis center, which is formed by nucleolus organizer

regions (NORs) localized on acrocentric chromosomes of humans [5] or on the X chromo-

some of fruit flies [6] and mosquitoes [7]. CTs that contain NORs usually localize near the

nucleolus or associate with it [8]. Other chromosomal regions besides NORs known as nucleo-

lus associated domains (NADs) may contact with the nucleolus as well [1].

CTs have tissue-specific features that have been associated with functional aspects of spatial

organization of the interphase nucleus [9–10]. Some lamin-associated domains (LADs) differ

between cell types while others are common to different cell types in mammals [11]. Attach-

ments of polytene chromosomes to the nuclear envelope (NE) occur via heterochromatic

regions and have tissue-specific differences in Drosophila melanogaster [12–13] and in Anophe-
les mosquitoes from the Maculipennis group [14–16]. Studying spatial organization of CTs and

nucleoli would be important for understanding the spatial organization of transcription inside

the cell nucleus in malaria mosquitoes. Knowledge about nuclear architecture in vectors of

infectious diseases will provide a rich basis for fundamental and applied research aimed at

deciphering the mechanisms controlling development and reproduction [17]. We have identi-

fied significant differences in interpositions of X and 3R chromosomes in several types of

somatic and germ-line cells in Anopheles messeae [14,16]. On average, the X chromosome and

3R chromosome are located closer to each other in follicular epithelium cells (FE) in compari-

son with their location in ovarian nurse cells (NC). The imaginal disc cells nuclei have an inter-

mediate arrangement of chromosome interposition, similar to that of other somatic cells and

nurse cells [16].

In this work, we studied several aspects of nuclear architecture using ovarian follicles of An.

atroparvus malaria mosquitoes that contain cells of both germ-line NC and somatic FE sys-

tems. This species was chosen for this study because some aspects of the spatial organization of

chromosomes in the Macullipennis complex, to which An. atroparvus belongs, have been stud-

ied previously [14, 15]. Importanly, An. atroparvus is a vector of malaria in Europe and the

only species in the Macullipennis group with sequenced and physicaly mapped genome [17].

Our study focused on spatial organization of the X chromosome because it is the shortest

polytene chromosome in the set, and it is not as curved as the autosomes. These characteristics

made the X chromosome more accessible for our study of the CT by simple geometrical quan-

titative measurements. Furthermore, the X chromosome of An. atroparvus contains NOR(s)

allowing estimation of dynamics of size and location of the nucleolus in connection with spa-

tial reorganization of the X chromosome in different tissues. In addition, we tested the applica-

tion of novel methods of analysis in studying spatial organization of chromosomes in the

ovaries of malaria mosquitoes.

Materials and methods

Mosquito colony and chromosome preparation

The An. atroparvus Tomsk laboratory colony was used for the described experiments. Mosqui-

toes were raised in the insectary at 24˚C, with a 12-hour cycle of light and darkness. Ovaries of

An. atroparvus half-gravid females were dissected and fixed in Carnoy’s fixative solution (75%

ethanol, 25% acetic acid). For making preparations of polytene chromosomes from ovarian

nurse cells, a single ovary from one pair was taken. Ovaries were incubated in a drop of 50%

propionic acid for 5 minutes, macerated, and squashed. The quality of the chromosomal prep-

aration was checked by AxioImager A1 microscope (Carl Zeiss, OPTEC Company, Siberian

Office, Novosibirsk, Russia). High-quality preparations were frozen in liquid nitrogen. Prepa-

rations were dehydrated in a series of ethanol (50%, 70%, 90%, and 100%) and air dried. These

chromosomal preparations were used for X chromosome microdissection and 2D-FISH.
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Microdissection of the X chromosome

We conducted microdissection of the An. atroparvus X chromosome using the technique

described in previous work [18]. Polytene chromosomes were collected from the surface of

air-dried preparations with the help of a glass capillary (Narishige, Tokyo, Japan) and inverted

microscope Axiovert 200 (Carl Zeiss, OPTEC Company, Siberian Office, Novosibirsk, Russia).

The collected material was incubated in proteinase K followed by reprecipitation in 96% etha-

nol and washing with 70% ethanol. Precipitated DNA was amplified by low-temperature cycles

of PCR in the presence of sequenase (Sequenase Version 2.0, Affymetrix USB, Dia-m, Novosi-

birsk, Russia). A resulting product was used as a template in high-temperature 33 cycles of

PCR. The length of a DNA probe was checked by electrophoresis in a 2% agarose gel.

Labeling of DNA probes

DOP-PCR was used for fluorescent labeling of full chromosome DNA probes in the presence

of MW-6 degenerate primer according to the previously published protocol (Artemov et al.,

2015). We used 5-Tetramethylrhodamine-dUTP (Biosan, Novosibirsk, Russia) as a labeled

nucleotide. The resulting probe was reprecipitated in 96% ethanol, and a DNA pellet was dis-

solved in 10–15 μl of a hybridization mixture (50% formamide, 10% sodium dextran sulfate,

2×SSC, 1% Tween 20).

Fluorescence In Situ Hybridisation (FISH)

We checked the specificity of the X chromosome painting probe by FISH with air-dried chromo-

some preparations of An. atroparvus. Air-dried preparations of chromosomes were washed in

2×SSC at 37˚C for 5 min three times. Then, they were dehydrated in 70%, 80%, and 96% ethanol

for 5 min each at room temperature. After that, chromosomes were treated with a 100 μg/μl pep-

sin solution at 37˚C, pH<7 for 10 min. Preparations were washed in 1×PBS twice for 5 min at

room temperature. Then they were dehydrated again by the series of ethanol solutions (50%,

70%, 96%) for 5 min at room temperature and dried. The labeled DNA probe was dissolved in a

hybridization mixture and placed on the chromosomal preparation, covered by a coverslip, and

sealed with a universal adhesive “Moment-1” (Henkel, Moscow, Russia). Denaturation and

hybridization steps were conducted in a programmable thermostat Thermobrite S500 (Beckman

Coulter, Moscow, Russia) initially at 75˚C for 15 min (denaturation) and at 37˚C for 18 hours

(hybridization). After hybridization, preparations were washed in a 50% formamide solution in

2×SSC at 45˚C three times for 5 min followed by incubation in 2×SSC at 45˚C for 5 min, 0.2×SSC

at 45˚C twice for 5 min, and 0.1×SSC at 45˚C for 5 min. We applied DAPI (4’,6-diamidino-2-phe-

nylindole) with antifade (Prolong Gold Antifade, ThermoFisher Scientific, Dia-m Company,

Novosibirsk, Russia) on the surface of a dry preparation and visualized chromosomes with an

AxioVision Z1 microscope (Carl Zeiss, OPTEC Company, Siberian Office, Novosibirsk, Russia).

3D-FISH

Females of An. atroparvus 23 hours post blood feeding were used for the experiment. Ovaries

for 3D-FISH were extracted from 3 individual mosquitoes immediately before conducting

hybridization. Ovaries were dissected in 1×PBS and were processed in accordance with the

3D-FISH protocol described in our previous study [19].

3D-immunostaining of nucleolus

We determined the location of nucleoli by immunostaining interphase nuclei with a fluores-

cently labeled antibody against fibrillarin, the basic component of the nucleolus fibrillar
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domain [20]. The material was extracted in the EBR solution (0.13M NaCl, 0.04M KCl,

0.018M CaCl2, 9mM HEPES) at +4˚C and fixed in 4% of paraformaldehyde for 20 min at

room temperature. Fixative solution was washed away by 1×PBS at room temperature three

times for 5 min, and tissues were treated with the PBSTr solution (0.3% Triton-X100 in

1×PBS) for 30 min at room temperature. Then the material was incubated in block buffer (BB)

(4% powdered milk, 10% FBS) for 30 min and then shaken in 1% solution of primary antibod-

ies (Anti-fibrillarin [38F3], Abcam, Cambridge, UK) in BB at +4˚C during the night. After

that, tissues were washed in PBSTr three times for 15 min at room temperature. Staining was

conducted in 0.25% solution of secondary antibodies Anti-Mouse IgG—FITC (Sigma-Aldrich,

Dia-m, Novosibirsk, Russia) in BB at +4˚C overnight. The washing step was performed in the

same manner as above. Finally, the tissue was stained by DAPI (Prolong Gold Antifade, Ther-

moFisher Scientific, Dia-m Company, Novosibirsk, Russia) at +4˚C for 8 hours.

Image analysis

The series of the z-stack images obtained by a LSM 780 confocal microscope (Carl Zeiss,

OPTEC Company, Siberian Office, Novosibirsk, Russia) and ZEN 2012 software (Carl Zeiss,

OPTEC Company, Siberian Office, Novosibirsk, Russia) was processed and analyzed by three

different softwares: (1) Fiji (ImageJ), (2) the complex of tools and plugins for the analysis of

the nuclear spatial organization, TANGO [21], (3) and MongoDB database (MongoDB, Inc.).

We used the “Mean” filter from the “Fast Filters 3D” plugin and the “Gaussian Blur 3D” filter

from the “Misc Filters 3D” plugin for the pre-filter analysis step. We used the classical “thresh-

olding” algorithm from the “Hysteresis Segmenter” plugin for the segmentation of NE (NE

was expected as an imaginary surface, which covers the external voxels of the DAPI-labeled

chromatin), X chromosome, and nucleolus. We conducted spatial measurements for each

nucleus which was used in the statistical analysis by the “Simple Measure Geometrical” plugin.

We employed the following parameters: Volume (in unit), Surface (in unit), Compacity, Feret,

Elongation, DC measures from the “Simple Geometrical Measurements” plugin, and the mini-

mum and maximum radial position parameters from the “Eroded volume fraction” plugin.

The description of each parameter is available in the official manual of TANGO [22]. We also

used other derived parameters in the statistical analysis such as:

• relative volume of the X chromosome CT:

%V3

rel ¼ V3

X=V3

Nuc � 100;

where V3
X is the volume of the X chromosome (μm3), V3

Nuc is the volume of the nucleus

(μm3)

• α is the angle between longitudinal axis of X chromosome and tangent to the NE drown

throw intersection point of longitudinal axis of X chromosome with NE:

a ¼ asin
ðEFVmax � EFVminÞ � DCnuc

LDx

� �

;

where EFVmax and EFVmin are maximum and minimum radial positions of the X chromo-

some (%), DCnuc and LDx are the length of mean nucleus radius and longest axis of the X

chromosome, respectively.

These parameters were applied for the measurement of nucleolus spatial organization. The

complete data are provided in S1 Table and S2 Table. A statistical analysis was conducted with

R programing language (The R Foundation) and RStudio IDE (RStudio, Inc.). We used a non-
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parametric Mann-Whitney U-test for sample comparisons. The results were considered signif-

icant when p<0.05. We employed a standard error in illustrations as a confidence interval.

Results

Visualization of the X chromosome and nucleolus in nuclei of An.

atroparvus

CTs of X chromosomes in NC and FE cells were identified by in situ hybridization of the

microdissected full X chromosome probe. We conducted microdissection of three individual

X chromosomes from one ovary of An. atroparvus. Success of the procedure was confirmed by

visual inspection of the preparation after microdissection (Fig 1).

FISH with chromosome preparations of NC confirmed specificity of obtained microdissec-

tion probes (Fig 2A). Pericentromeric heterochromatin regions of chromosomes 2 and 3

appeared non-specifically labeled by this probe. This non-specific hybridization can be

explained by the presence of homologous repetitive DNA sequences in heterochromatin of the

sex chromosome and autosomes. We visualized the nucleolus with a fluorescently labeled anti-

body against fibrillarin (Fig 2B). 3D FISH with chromosome preparations of NC also con-

firmed specificity of the X chromosome painting probe (Fig 2C). The volume and intensity of

the signals from non-specifically labeled autosomal regions were much smaller than the same

parameters for the X chromosome. 3D FISH with chromosome preparations of FE identified a

single CT corresponding to the X chromosome (Fig 2D). Thus, the resulting microdissected

painting probe allows adequate visualization of X chromosome CTs even in nonpolytenized

Fig 1. Microdissection of the An. atroparvus polytene X chromosome. Chromosome preparation from ovarian nurse cells before (a) and after (b)

microdissection of the X chromosome.

doi:10.1371/journal.pone.0171290.g001
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interphase nuclei. We also successfully visualized the nucleolus with a fluorescently labeled

antibody against fibrillarin in interphase nuclei of FE (Fig 2E).

Tissue-specificity of the X chromosome relative volume in nuclei of An.

atroparvus

The volume of the X chromosome relative to the nuclear volume is significantly greater in FE

(9.97%) than in NC (5.05%) (p = 1.733e-08, Mann-Whitney U-test) (Fig 3A). There is a weak

Fig 2. Visualization of the X chromosome and nucleolus in An. atroparvus. a) 2D-FISH of fluorescent X

chromosome painting probe with squashed chromosome preparation from NCs. Specific labeling of the X

chromosome (X) and unspecific labeling of pericentromeric regions of 3R (3Rc) and 2 (2c) are shown in red. b)

Immunostaining of the nucleolus in an NC nucleus with a fluorescently labeled antibody against fibrillarin. The

nucleolus (N) is shown in green. c) 3D-FISH of fluorescent X chromosome painting probe with an NC nucleus. d)

3D-FISH of fluorescent X chromosome painting probe with FE (arrows mark specific labeling of the X

chromosome). e) Immunostaining of the FE nucleolus with a fluorescently labeled antibody against fibrillarin

(arrows show specific labeling of the nucleolus). Chromosomes are stained with DAPI (blue).

doi:10.1371/journal.pone.0171290.g002

Tissue-specific features of the X chromosome and nucleolus spatial dynamics in Anopheles atroparvus

PLOS ONE | DOI:10.1371/journal.pone.0171290 February 3, 2017 6 / 12



significant negative correlation between the X chromosome volume and the nuclear volume in

FE (r = −0.41, p<0.05, Pearson test) (Fig 3B), but there is a weak non-significant positive cor-

relation between the X chromosome volume and the nuclear volume in NC (r = 0.35, p>0.05,

Pearson test) (Fig 3C). Thus, unlike NC, the X CT does not contribute to the growth of the FE

nucleus. In contrast, the volume of the nucleolus is in direct proportion to the nuclear volume

in both tissues.

The shape of the X CT, which is expressed in terms of a standard deviation (DC) of the

mean radius, elongation, and roundness, varies identically in both cell types. We found no sta-

tistically significant differences between the cell types.

Peripheral location of the X chromosome and nucleolus

The mean of maximum values of the X chromosome radial position is 95.65% meaning that

the contact between the X chromosome and the NE is permanent in NC and FE (Fig 4A) in

accordance with the previous study [16]. Nucleolus has also frequent contacts with the NE in

both tissues (Fig 4B). These contacts are independent of the nucleolus shape and volume,

which vary widely. The maximum values of the radial position of the X chromosome and

nucleolus are not significantly different between NC and FE (p = 0.6567 for the X chromosome

and p = 0.3229 for the nucleolus, Mann-Whitney U-test). However, the minimum values of

the radial position of the X chromosome and nucleolus are significantly smaller in NC than in

FE (p = 3.238e-09 for the X chromosome, and p = 0.02903 for the nucleolus, Mann-Whitney

U-test) meaning that both the X chromosome and nucleolus are located closer to the center

of the nucleus in NC compared with FE. This observation could provide indirect support for

the greater involvement of X chromosome and nucleolus in transcription in NC than in FE.

Fig 3. The relationship between the X chromosome volume and the nuclear volume in FE and NC. a) The volume of the X CT relative to the

nuclear volume in FE and NC. The red line is a mean. b) Weak significant negative correlation between the volume of the X CT and the nuclear volume in

FE. The red line marks a fitted linear model, r = −0.41. c) Weak non-significant positive correlation between the volume of the X CT and the nuclear

volume in NC. The red line marks a fitted linear model, r = 0.35.

doi:10.1371/journal.pone.0171290.g003
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Tissue-specific dynamics of the X chromosome location during nuclear

growth

Quantitative characteristics of spatial relationships between the X chromosome and the NE

were studied with the help of an α angle (see Materials and Methods). The mean value of α in

both tissues corresponds to the position of the X chromosome when its longitudinal axis is

parallel to the NE. However, some nuclei were characterized by α = 67˚. In this case, the longi-

tudinal axis was directed toward the intranuclear space. We found the relationship between

this parameter and the nuclear volume. The increase of the mean nuclear radius correlated

with the decrease of the α angle in NC (Fig 5A and 5B). Thus, during the nucleus growth in

NC, the X CT moves toward the NE. There was an inverse trend in FE (Fig 5C and 5D). One

of the chromosome ends moved from the NE to the intranuclear space during the nucleus

growth in FE.

Discussion

Tissue-specificity of the X chromosome spatial organization

Previous work showed that FE and NC differ by X and 3R chromosome interposition in An.

messeae [16], which could be explained by the chromocenter formation in somatic cells [14].

Here, we were not able to detect significant differences in the shape of the X chromosome or

nucleolus between nuclei of NC and FE. However, we identified tissue-specific features of the

X chromosome relative size, suggesting different chromatin organization in the X chromo-

some and/or expression level of the X chromosome genes in NC compared with FE. Previously

Fig 4. Spatial positions of the X chromosome and nucleolus with respect to the nuclear periphery. a) Radial positions (%) of X chromosomes in NC

and FE. b) Radial positions (%) of nucleoli in NC and FE. Rhombi correspond to individual values of minimum radial positions, circles correspond to

individual values of maximum radial positions. Red lines mark the mean of maximum radial positions, and green lines mark the mean of minimum radial

positions. C—the center of the nuclei, NE–nuclear envelope.

doi:10.1371/journal.pone.0171290.g004
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described tissue-specific differences in the X chromosome attachment to the NE [14,16] have

been further explored in this work using the new computational tool TANGO [21]. Relative

size parameter depends on the correctness of the segmentation algorithm, the accuracy of

which is deteriorated due to varying signal-to-noise ratios in photomicrographic images.

To overcome this problem, we visually monitored the quality of the segmentation for each

nucleus. In some cases, we used the “hessian transform” pre-filter for the segmentation quality

improvement in accordance with the recommendations of TANGO developers. The tissue-

specific differences of the dynamics of the X chromosome could be associated with the differ-

ence in the level of polyteny. Indeed, chromosome in NC are polytene, and chromosome in FE

are non-polytene. Nevertheless, tissue-spcecific features in the 3D genome organization could

result in gene expression differences [1, 10, 13].

Dynamics of the nuclear spatial organization

Based on the above described data (the displacement of the longitude axis of the X chromo-

some during the nucleus growth, the peripheral location of the X chromosome), we can

assume that “activation” of NE-attachment regions of the X chromosome in NC and FE occurs

Fig 5. Tissue-specific dynamics of the X chromosome location during nuclear growth. a) A scheme

demonstrating the decrease of the longitudinal axis of the X chromosome related to the nucleus growth in NC. b)

Weak (r = -0.43) significant (p = 0.001) negative correlation between nucleus radius and α angle (˚) in NC. c) A

scheme demonstrating the increase of the longitudinal axis of the X chromosome related to the nucleus growth in

FE. d) Weak (r = 0.39) significant (p = 0.01) positive correlation between nucleus radius and α angle (˚) in FE.

t—tangent to NE, R—the nucleus radius.

doi:10.1371/journal.pone.0171290.g005
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gradually depending on the development stage. Various phases of NC and FE development

can be characterized by different numbers of X chromosome attachment regions. In the late

developmental stages, the pericentric region of the X chromosome in NC has a strong NE-

attachment region [14,16]. There are at least 3 major lamin-binding regions along the chromo-

some, which potentially form NE-attachments (data not shown). The pericentric region is

permemantly attached to the NE, but the other attachments are being “turned on” during

development, moving telomeric end from the nuclear interior to periphery. On the contrary in

FE, the same attachments are being “turned off” during development, moving telomeric end

from the periphery to the nucleus center. These movements could be connected with tran-

scription activation/inactivation of distinct chromosome segments. Some chromosome move-

ments can be forced by the change of the size of nucleolus. However the gradual increase of

nucleoli size in both NC and FE cannot be the reason for different X chromosome movement

in these cell types.

Dynamism of polytene chromosome attachments to the NE has been shown by the model-

ing of the 3D organization of the salivary glands interphase nucleus of Drosophila. Fourteen of

15 known high-frequency contacts of chromosomes with NE have been described as interca-

lary heterochromatin, and one is a region of late replication [23]. A computational analysis has

found 33 additional sub-high-frequency chromosome attachments with the NE [24]. Twenty

new attachment regions corresponded to intercalary heterochromatin, and 5 were regions of

late replication. However, 3 of these attachments corresponded to euchromatin [24]. These

results suggest that affinity for the NE can change gradually, with the highest affinity for the

NE almost exclusively possessed by intercalary heterochromatin, and the next highest affinity

for the NE mostly a property of intercalary heterochromatin. What is the effect of chromo-

some-NE attachments on the nucleus architecture? Computer modeling demonstrates that a

nucleus with the most numerous attachments of chromosomes to the NE form more precise

chromosome territories with fewer intersections between chromosomes [25]. Intra-arms con-

tacts happen more often in a nucleus with more NE-attachment regions in comparison with a

nucleus which does not contain specific attachments. At the same time, the contacts between

different arms happen more rarely in nuclei with more numerous NE-attachments [25]. If

chromosome-NE attachments are gradually “turned on” with an increase in the volume of the

NC nucleus, we can expect a decrease in the frequency of contacts involving the X chromo-

some with other chromsomes.

Conclusion

Principles of the 3D genome organization must be thoroughly studied in vector species

because of possible dynamic changes in the nuclear architecture upon infection with a patho-

gen [17]. Previously we demostrated tissue-specific features of the spatial chromosome organi-

zation in An. messeae based on data obtained by manual geometrical measurements of only

two points for every nucleus [16]. In this work we have shown that the methods of the chromo-

some spatial organization analysis using TANGO is applicable to studying the shape and size

of polytene chromosomes and chromosome dynamics during nucleus growth. The movement

of the longitudinal axis of the X chromosome with the change of the nucleus size is likely asso-

ciated with the change in the number of NE-attachment regions. This idea agrees well with the

data obtained by modeling of Drosophila salivary gland nuclei [23–24]. The tissue-specific dif-

ferences of the dynamics of the X chromosome and NE-attachment regions could result in

gene expression differences [1, 10, 13]. Spatial characteristics of the X chromosome and nucle-

olus in An. atroparvus will serve as a baseline for similar studies in other species from the

Maculipennis complex to which An. atroparvus belongs. Future studies will also address

Tissue-specific features of the X chromosome and nucleolus spatial dynamics in Anopheles atroparvus
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species-specific aspects of the nuclear architecture. A study of the evolution of the nuclear

architecture will assess the possibility of using some features of 3D genome organization as

markers for understanding phylogenetic relationships within the species complex.
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