
 

Live imaging reveals spatial separation of parental chromatin 
until the four-cell stage in Caenorhabditis elegans embryos

JITKA BOLKOVÁ and CHRISTIAN LANCTÔT*,1

Institute of Cellular Biology and Pathology, First Faculty of Medicine, Charles University in Prague, Prague, Czech Republic

ABSTRACT  The parental genomes are initially spatially separated in each pronucleus after fertil-
ization. Here we have used green-to-red photoconversion of Dendra2-H2B-labeled pronuclei to 
distinguish maternal and paternal chromatin domains and to track their spatial distribution in living 
Caenorhabditis elegans embryos starting shortly after fertilization. Intermingling of the parental 
chromatin did not occur until after the division of the AB and P1 blastomeres, at the 4-cell stage. 
Unexpectedly, we observed that the intermingling of chromatin did not take place during mitosis or 
during chromatin decondensation, but rather �3-5 minutes into the cell cycle. Furthermore, unlike 
what has been observed in mammalian cells, the relative spatial positioning of chromatin domains 
remained largely unchanged during prometaphase in the early C. elegans embryo. Live imaging 
of photoconverted chromatin also allowed us to detect a reproducible 180� rotation of the nuclei 
during cytokinesis of the one-cell embryo. Imaging of fluorescently-labeled P granules and polar 
bodies showed that the entire embryo rotates during the first cell division. To our knowledge, we 
report here the first live observation of the initial separation and subsequent mixing of parental 
chromatin domains during embryogenesis. 
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Introduction

Fertilization in C. elegans is followed by the formation of ma-
ternal and paternal pronuclei in the zygote. The main steps in this 
process are the decondensation of sperm and oocyte chromatin 
and the addition of a nuclear envelope. These steps are preceded 
on the maternal side by completion of both meiotic divisions and, 
on the paternal one, by the substitution of the putative protamines 
SPCH-1,2,3 for histones in the sperm chromatin (Chu et al., 2006). 
Epigenetic changes have been reported to occur during formation 
of the pronuclei. For instance, the maternally derived histone variant 
H3.3 rapidly incorporates into both pronuclei whereas the H2A vari-
ant HTZ-1 is removed (Ooi et al., 2006; Samson et al., 2014). The 
paternal chromatin is hypoacetylated relative to the maternal one, 
especially at the H4K16 site, whereas the overall levels of histone 
��������	
��
��
��	������	��	����������������������
���
�����	�
(Samson et al., 2014). Once pronuclei are formed, DNA replica-
tion is initiated and the pronuclei start their migration toward each 
other (Edgar and McGhee, 1988). After meeting of the pronuclei, 
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and determined manner (Deppe et al.���5&%7�<����
� et al., 1983). 
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rental genomes after their initial apposition in the zygote. Ito and 
colleagues treated male mice with the halogenated thymidine 
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(Ito et al., 1988). Mating with untreated females allowed them to 
distinguish parental genomes in the resulting embryos. These 
authors found no obvious pattern in the positioning nor in the 
distribution of paternal DNA strands, but they mention that their 
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embryonic cell divisions. In a more recent and detailed study, 
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Mayer and colleagues concluded that the parental DNA remained 
clearly segregated until the four-cell stage in the mouse embryo 
(Mayer et al.���$$$��#�Q�������������������
��������	���BJL�
FISH to analyze the spatial distribution of the distinct centromeric 
��/������� ��
�����������	��� 	������	������
�#� U�������	������
the DNA in the mouse male pronucleus was found to be actively 
������������	��	���������
����
������	�	V��	
������	+�����������
observed in the female pronucleus (Mayer et al., 2000a; Oswald 
et al., 2000; Santos et al., 2002). It has been suggested that this 
epigenetic asymmetry is related to the spatial segregation of the 
parental genomes.

In C. elegans�� �� ?�@� �����	��� ������� ���� ���� �
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parental DNA during embryonic development (Ito and McGhee, 
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ing whether the labeled DNA strands co-segregated reproducibly 
to the same embryonic cells (which they do not); no attempt was 
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after fertilization. We therefore decided to study this process in 
the living C. elegans embryo. We found that the maternally- and 
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Results

Generation and characterization of a C. elegans strain 
expressing a photoconvertible form of histone H2B in the 
germline and in early embryos

To be able to distinguish the parental genomes in the early C. 
elegans�������
������������	���
�����	��������������������������BJL�
���	�'���	�����\�
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into the adult gonad. In doing so, we had hoped that the label 
would be incorporated in the replicating DNA in the distal gonad 
and that the labeled DNA would eventually have ended up in the 
maternal pronucleus after meiosis. Although labeling of the DNA in 
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labeled DNA could be detected, and those that did show labeled 
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this remains unclear, but we suspect that it might be due to the 
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ticipate in early developmental processes. We therefore resorted 
to an alternative strategy to image the parental chromatin in C. 
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form of histone in the germ line and on the selective photoconver-
sion of either oocyte-derived or sperm-derived chromatin shortly 
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suitable for use in C. elegans#�L�����	���"�����	�����B�������X�?�
�
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+1) and fused to the tbb-2 (�>�����	����{����������������	
������
obtained through insertion of the transgene at the ttTi5605 site 
using the Mos1-mediated single copy insertion (MosSCI) method 
(Zeiser et al., 2011).
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well as in spermatozoa and in nuclei of the embryos in the uterus 
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 P0 AB P1 ABa ABp EMS P2 

Prophase 22/22 11/11 9/10 0/7 0/6 0/11 0/8 

Metaphase 26/26 7/10 10/12 0/6 0/3 0/7 0/6 

Anaphase 24/24 8/11 8/10 0/7 0/7 0/6 0/6 

Fig. 1. Paternally- and maternally-derived 
chromatin remain spatially separated 
until the 4-cell stage. One of the pronuclei 
was photoconverted in the early zygote of 
the Dendra2-H2B-expressing strain, after 
which imaging of the chromatin from the 
photoconverted pronucleus (red) and from 
the other pronucleus (green) was performed 
until the 4-cell stage. Representative images 
are taken from different embryos. Shown 
are maximum projections of image stacks, 
except for panels labeled with asterisks, 
which show single optical sections. Nuclei 
are in mitotic prophase (upper panels), 
metaphase (middle panels) or anaphase 
(lower panels). The blastomere identity is 
indicated and schematized on top of the 

corresponding panels. Note the clear separation of parental chromatin in the anaphase of AB and P1 and the mixing of chromatin (yellow) in all mitotic 
nuclei of the 4-cell embryo. Orthogonal views are shown for the ABa and ABp nuclei in metaphase and anaphase. Scale bar, 5 �m.

QL?}���

PROPORTION OF CASES IN WHICH 
THE PATERNALLY- AND MATERNALLY-DERIVED CHROMATIN 

WERE OBSERVED TO BE SPATIALLY SEPARATED

Q����������
��	�������	������������������������
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sion of either of the pronuclei. Results are presented according to the mitotic phase (rows) and 
blastomere identity (columns). 
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red photoconversion of the labeled chromatin was observed (Fig. 
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on the order of �100-fold (not shown). However, we noted that the 
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decreased after photoconversion. Our attempts to reach a higher 
proportion of photoconverted molecules (i.e. a larger decrease in 
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bleaching of both signals. It should be noted that the residual 
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hinder our ability to perform the analyses that are described below. 
Actually, the biggest problem we faced while imaging Dendra2-
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The paternal and maternal chromatin remain separated until 
after the division of the AB and P1 blastomeres

The strategy we used to follow the spatial distribution of parental 
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chromatin of either the paternal or maternal pronucleus at a time 
when they were still well separated in the zygote. The maternal 
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and tested whether they could develop into larvae. Out of 23 that 
were treated, 22 proceeded to hatch normally. To investigate the 
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of embryogenesis. The time at which the metaphase plate was 
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Although there was a trend toward a slight delay in cell division 
after photoconversion, i.e. 14.0 ���#$��	�������
������L?������ 	��
irradiated embryos vs. 13.1 � 0.4 minutes in control embryos, the 
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female pronuclei, and the results were similar irrespective of which 
pronuclear chromatin was photoconverted. After photoconversion, 
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Similar results were observed in interphase and mitotic embryonic 
nuclei. However, because the accompanying condensation of chro-
���	������
����
�����\�
����������	���������������	���	���	���	
��
of parental chromatin could be most clearly seen in mitotic nuclei 
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maternal chromatin in zygotes and in two-cell embryos (Suppl. Video 
2). In the latter, the chromatin was spatially segregated according 
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of the parental chromatin occurred. This was most clearly seen on 
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the relative spatial distribution of the parental chromatin domains 
during the rotation of the P1 blastomere. 

The spatial distributions of parental chromatin in early blasto-
meres, as observed in a total of 38 movies, are summarized in 
Q������#��"������
������������������B�����>X�?��	����������
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chromatin were observed to be spatially segregated in the zygote 

Fig. 2. Spatial redistribution of chromatin occurs shortly after cell 
division. Half of the chromatin in the nuclei of P1 was photoconverted 
during metaphase and subsequently imaged until the next metaphase, 
which was taken as a reference time point (0:00). The strain that was used 
(JBL2) expresses Dendra2-H2B and �-tubulin-GFP to label both chromatin 
(green and red) and centrosomes (green). (A) After photoconversion, the 
chromatin domains remain spatially segregated throughout the remainder 
of mitosis (e.g. time -22:00), during chromatin decondensation (e.g. time 
-20:00) and during the first minutes of the next cell cycle (time -15:15). 
The intermingling of the chromatin domains occurs relatively abruptly (at 
time -13:15 in the image sequence that is shown). Shown are maximum 
projections corresponding to cross-sections of the embryonic nuclei of 
1.5-5 �m. Time is indicated in minutes:seconds. Scale bar, 5 �m. (B) Start-
ing after the completion of the P1 division, the spatial distribution of the 
differently-labeled chromatin domains was assessed in the P2 nucleus at 
intervals of 0.5 to 2 minutes and scored either as spatially segregated or 
mixed. The score is plotted against the time relative to the P2 metaphase 
(on the x-axis, 0:00 represents the occurrence of this metaphase) as well 
as the actual cell cycle progression indicated by the distance between the 
centrosomes (on the y-axis). The spatially segregated phenotypes (black 
portion of the plots, n = 8) are observed at the beginning of the cell cycle, 
but not later than 5 minutes into the cell cycle. The chromatin domains are 
clearly mixed (gray portion of the plots) when the two centrosomes begin 
to rapidly move away from each other (time point -6:00).
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intermingling we observed is not the result of chromatin movement, 
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photoconverted and the non-photoconverted chromatin domains. 
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To determine whether one of the parental chromatin domains 
adopted a reproducible position relative to the future dorsoventral 
�"	����	������������������
�������������
��������������
�
�
����-
ted and development was then imaged up to the 4-cell stage, at 
which point the dorsoventral orientation of the embryo could be 
�����	�����
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labeled chromatin domain was determined in the same embryo at 
the 2-cell stage. No obvious bias was found in the positioning of 
����������������
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The mixing of spatially separated chromatin occurs shortly 
�������	�
��������
������
����	�� �	��������������
��
the cell cycle at the 4-cell stage

Our efforts to determine more precisely the time at which the 
�	"	���
��������������
���	��
���������
������������������������
the progressive loss of signal intensity from the photoconverted 
B�����>X�?��
����������������������
��	��	���	��	�������-
biguously the parental chromatin signals during the interphase 
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combination of photobleaching and dilution through cell division. 

To counter this technical limitation, we decided to photoconvert 
half of the metaphase plate of a dividing blastomere of the 2-cell 
embryo, thus recreating the segregated chromatin pattern that 
��������
�������	������	
����"���	�����#�̂ ��������
��
�������
respective movement of photoconverted and non-photoconverted 
���
���	������	�������
�������
���	
�#�Q������"���	�����������
carried out in the P1 cell since this blastomere divides more or 
less parallel to the imaging plane, which allows for higher resolu-
�	
�������	�����������	�	�����
�������V��"	������
�������L?�����#�
As shown on Fig. 2A, we did not observe any obvious change in 
chromatin distribution during chromatin decondensation after divi-
sion of P1. In fact, the chromatin that had been photoconverted in 
�����
������=����������������������	�����	�����
������
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After that time, the photoconverted chromatin intermingled rather 
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differently labeled chromatin domains was clearly observed in the 
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and �>�����	�>k�=�������+���
�����������
�
���#�Q�������������
position of the centrosomes was used to assess the actual stage 
of the cell cycle in the daughter P2 cell. Since the start of image 
��/�	�	�	
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������	�����������
�	V��������������
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metaphase was used as a reference time point. A total of 10 movies 
were made, 2 of which could not be used either because of high 
photobleaching or because of aborted cell cycle. Images from 
����
���������`�%������������V���������������
���	"	�������

Fig. 3. The relative spatial distribution of chromatin 
is largely maintained during mitosis. The chromatin in 
half of the P2 nucleus of a strain expressing Dendra2-
H2B (JBL1) was photoconverted during S phase (time 
0:00). Image stacks were acquired during the subse-
quent mitosis. Shown are representative maximum 
projections of image stacks acquired from prophase to 
anaphase (top panels) as well as the corresponding 3D 
reconstructions (bottom panels). Note that the spatial 
distribution of the photoconverted chromatin is largely 
maintained during mitosis (compare first and last time 
points). Time is indicated in minutes:seconds. Scale 
bar, 5 �m.

Fig. 4. The chromatin rotates by 180º during the division of the 
one-cell embryo. The male pronucleus was photoconverted shortly 
after fertilization in the JBL2 strain, which expresses Dendra2-
H2B and �-tubulin-GFP to label both chromatin (green and red) 
and centrosomes (green). Imaging began at metaphase shortly 
after pronuclear fusion (time 0:00). Starting in late anaphase and 
continuing during telophase (time points 0:30 and 1:00), the nascent 
nuclei rotate by 180º, such that the photoconverted chromatin is 
found at the 2-cell stage on the opposite side relative to its initial 
position (compare the direction of the arrows at the first and last 
time points). Shown are maximum projections corresponding to 
a cross-section of the embryo of 6.5-10 �m. Time is indicated in 
minutes:seconds. Scale bar, 5 �m.



Mixing of parental chromatin in C. elegans    9 

plotted relative to the actual time and to the distances between 
�����
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������	�#��?�#�Q��������
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4 � 1 minutes after the beginning of the cell cycle, 2 � 1 minutes 
after the appearance of two distinct centrosomes, presumably at 
the beginning of S phase, and 6 � 1 minutes before one of the 
centrosomes started to migrate toward the opposite pole upon 
�	�
�	�������#�Q�+����
��������������
�������	
���	�	��������������
intermingling of chromatin in the early C. elegans embryo does 
not occur during chromatin decondensation at the end of mitosis, 
���������	���������������>*��	������	��
�������������������������
���
one of the duplicated centrosomes begins to migrate toward the 
opposite side of the nucleus. 

The relative spatial distribution of chromatin is largely main-
tained throughout mitosis in the early C. elegans embryo

Q��������	�����������	��
���"����������
��	�	�	������������
�	"	���
�����
���	��
��	����	����
�������	
���
��
����	
��
������
metaphase plate, as was previously observed in mammalian cells 
�<��	�+���� et al., 2010). To investigate this issue in the early C. 
elegans embryo, the chromatin in half of a nucleus at the 2- or 
4-cell stage was photoconverted during S phase and chromatin 
	���	���	
�������
��
������
���
������������/������	�
�	�#�L��
shown on Fig. 3, no drastic change in relative chromatin distribu-
tion was observed at any time during mitosis. This behavior was 

�������	��%�
���
������"���	�����#�

Chromatin rotates around the anterior-posterior axis during 
�	������������
���������


In the course of this study, we noticed a reproducible rotation 
of the one-cell embryo chromatin around the anterior-posterior 
�"	����	�#�[����<����#�~	�
���#�Q���
�������	
����������
��
16 out of 18 embryos that were analyzed. We were able to de-
�������	��	���	��	����
�����������+���
�������
������
��B�������
which allowed us to visualize a reproducible spatial pattern on 
��������������������
������
��>����������
�������
���/������
��
the earlier photoconversion of one of the pronuclei. The rotation 
of the chromatin, which was not observed at later stages, started 
in anaphase of the one-cell embryo and was completed by late 
telophase. The orientation of the rotation was right-handed around 
���������	
�>�
����	
���"	�������	��������	������������	���
	��	���
�
���� ���� �
����	
��� ���� ������� �
	��� ���� 	����	
�� 
�� �
���	
�#�
The handedness of the rotation did not depend on which of the 
pronuclei was photoconverted. The rotation described half a turn 
(180�) and was completed within about 1 minute. 

To assess whether the rotational movement that we observed 
was limited to the nascent nuclei or whether it concerned other 

embryonic structures as well, we imaged the behavior of the cyto-
plasmic P granules at the time of chromatin rotation. These were 
��������	�����k�=>=k}>��\�
�����������	
����
��	���k���
 et al., 
�$�$�#�U�������������/�	���	���B�����$>���
��	�����������
��
metaphase until the one-cell embryo had divided. We observed a 
�������
���	
��
������=�����������	��%�
���%���������	�#*����<����#�
~	�
���#�}	+���������
���	�������=����������������
����
��
�����	��
���	���>�����	����	
��
�����������	
�>�
����	
���"	������	������
apparent angle of about 180�. The duration of rotation was longer 
for P granules (�3 minutes) than for the chromatin (�1 minute). The 
����+	���
��B�����>X�?>�
�	�	����
�����
	�����
�	���	�	
����
	��
����	
��
���
�������
�����������
#�Q���������
�����
��	�
�
���
��#�X
��������������
���
�����
�����	������	+�����������

���	�����������
����������������������?������	 et al., 2009), 
������������
��	
����
���	
�#�Q�+����
�������������������������-
gest that the entire one-cell embryo rotates inside the egg shell 
��	������
+	���	�#�U��
������������
����������������	�	�	��	
��
����	��
rotational movement coincided with the asymmetric invagination of 
the cleavage furrow (on the presumptive left side of the embryo).

Discussion

@�	��� ��
�
�
�����	
�� 
�� B�����>������� �	��
��� X�?� 	��
either pronuclei of the C. elegans zygote, we have been able to 

���������
����������
��
���+�
�������
������������	���������	"	���

��������������
���	�� 	�� �	�	��������
�#�L�����	
����
�+���	���
����?�@������	���
��������BJL����	����
�����	
��
���"��
samples to follow the paternal genome throughout embryogenesis 
found that the parental DNA strands segregate randomly during 
����
�����������	��
������������	�����
�����
����	"	���	��
���������������
��U�
������k������5%&�#�^���
�����
������������
parental chromatin remain spatially separated until after the second 
division of embryonic blastomeres, i.e. until the 4-cell stage. In 
����������"���	�������������"���������
������������	�����	�-
��	���
�� ���
���	��
��	���
����
�� ��+����������	����	�
�	��
�������	
��������
����	����������������	����������<��	�+���� 
et al., 2010) or during chromatin decondensation at the end of 
telophase. Rather, live imaging of chromatin domains through an 
���	��������������	������=�����=�������
��������������������	"	���
occurs ��>*��	������	��
���������������#�B���	����������	��	�	������
observed, it is clear from our results that 1) the chromatin domains 
remain spatially segregated until the appearance of two distinct 
centrosomes, presumably at the beginning of S phase and 2) the 
���
���	��
��	���������
����������	"����������
�������������
��
the rapid movement of one of the centrosomes upon mitotic entry. 
The results reported here are schematized on Fig. 6. 

Fig. 5. The cytoplasmic P granules rotate 
during cytokinesis of the C. elegans zy-
gote. A strain expressing Dendra2-H2B and 
GFP-labeled PGL-1, a marker of P granules, 
was imaged at 10-second intervals. Shown 
are maximum projections of image stacks of 
part of the embryo (20 �m) at 3 different time 
points. Colored dots mark three individual 
P granules, which are clearly seen to rotate 
around the anterior-posterior axis during cell 
division. In the left panel, the Dendra2-labeled 

chromatin in the nascent nuclei (arrowheads) and in the polar bodies (arrows) is indicated. The arrowhead in the middle panel (time 1:50) labels the 
asymmetrically-forming cytokinetic furrow. Time is indicated in minutes:seconds after the start of imaging. Scale bar, 5 �m.
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With regard to the zygote, the answer is simple: the contents of 
������
�����	����������������
���	"	���������������������
���
that stays intact until the formation and alignment of individual 
metaphase plates in each of them (Gorjánácz and Mattaj, 2009). 
The rapid and directed movements of chromosomes during the 
�����/�������������������
���"�������
�����
����	�����	������
-
���	���	"	��#�U��	���
����������
���������������������������
���	��
�
���������������	������������	������L?����=�������
������
once zygotic division has been completed. It could be that an ac-
�	���������	���������������
���	���	"	���	�������>����������
��
�
��	���������
����	�����	���
	����	
��#�X
�����������
����
there have been reports of differences in post-translational 
�
	����	
���
���	��
�����������������������������������������
��
�����	�� 	������	������ ���� ���+�
��X��&5�������X[��qL��	��
������������
���	��������������
�������	����/���	V�������������

Fig. 6. Schematic representation of parental chromatin 
mixing in the early C. elegans embryo. (A) The generation 
of a worm strain expressing Dendra2-H2B in the germline al-
lowed us to specifically label the chromatin of either the male 
or female pronucleus through photoconversion. Live imaging 
of the subsequent development showed that the parental 
chromatin domains remain spatially segregated in the zygote 
and at the 2-cell stage. It is only at the late 4-cell stage that 
the parental chromatin domains are found to be intermingled. 
Photoconversion of pronuclear chromatin also enabled us to 
observe a reproducible 180� rotation of the whole embryo 
during the division of the zygote. (B)  To determine more 
precisely the timing of chromatin mixing, differently-labeled 
chromatin domains were generated by photoconverting half of 
the metaphase plate of the P1 blastomere at the 2-cell stage. 
Subsequent imaging revealed that the chromatin domains re-
mained spatially separated early after division. Mixing occurred 
�3-5 minutes into the cell cycle and was complete before the 
start of migration of one of the centrosomes. For technical 
reasons, these imaging experiments were preferentially carried 
out on the P1 and P2 blastomeres. The chromatin domains 
are colored in green and in red. The centrosomes are shown 
as small black dots.A B

��������>����	����	��
����
	����	
�������������
����
�������
at the 2-cell stage (Samson et al., 2014). Whatever the molecular 
������	�����������������
�+��	�������������������������
�����	�-

�������
�
����	��
�����
��������������
���	���	"	����
�
����#�
Since chromatin mobility has been found in mammalian cells to 
be constrained during S phase (Walter et al., 2003) and since 
�����
��������������
����������"��������������	���������������
��
chromatin is maintained during mitosis in the early C. elegans 
embryo, then we hypothesize that in this organism the length of 
time that separates chromatin decondensation after mitosis from 
����	�	�	��	
��
��<��������	#�#�����k���������	����+��������	�����
	��������
�����
��������������
���	���	"	��#�U����	���������	��	��
worth noting that a progressive lengthening of the cell cycle, which 
affects all lineages, has been observed during the embryogenesis 
of C. elegans��?�
 et al., 2008). Although it is generally thought 
that this lengthening is solely due to longer S phases in the early 
embryo, with gap phases only appearing at later time points 
��	���
����$$*�������	�	�	��	
��
��BJL�����	���	
�������
�����������
imaged in the living 4-cell embryos and the appearance of a brief 
k�������������	������������
������"����#�̂ ��������
�����������
that it is during or shortly after this brief putative G1 phase that the 
����	���	�����	���	���
��������������
���	����+���������	��	������
cell nucleus. This interpretation is consistent with previous results 
which showed that chromatin mobility in mammalian cells is higher 
in early G1 than in the remainder of the cell cycle (Thomson et 
al., 2004; Walter et al., 2003). It should be noted here, however, 
������������������
���������	���k�������������
����������	����
�
����
�����
�������	�	���
�����
���	���	"	��#�U�������
���������
parental genomes were found to be spatially segregated in the 
2-cell embryo despite the fact that the blastomeres remain in G1 
for several hours at this stage (Mayer et al., 2000b). Hence, ad-
	�	
�����
�+�	��������
�����	��������������	���
�����
���	��
�	"	��#�Q�������
��������>���������	V���
������������������-
netics model such as C. elegans may prove helpful in this regard. 

Q�������
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�����	�����
���
���	��
���X�?��"�������
	������������	������
�������
���+���	�	
����
�������	
���
��
the behavior of chromatin in the early C. elegans embryo. As 
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�����������	��	��������	���	���	
��
���������
chromosomes relative to each other at this stage of mitosis in C. 
elegans embryos. The cause for this difference remains to be 
investigated. However, it is tempting to speculate that it is related 
to the late disassembly of the nuclear envelope and lamina during 
mitosis in the early (< 30-cell stage) C. elegans������
��}�� et 
al., 2000), and that the maintenance of these nuclear structures 
until early anaphase may somehow limit and direct the movement 
of chromatin. 

The second observation we made is that the chromatin masses 
undergo a reproducible rotation starting in late anaphase during 
the division of the zygote. Imaging of the P granules and the 
second polar body revealed that it is the entire embryo which is 
rotating inside the egg shell. The sense of the rotation along the 
�����	
�>�
����	
���"	�������
����
�������������������#�<	�	����

�������	
������������	������������
�+���	����
��	�������������
���J��>�>k�=�������	������+�����<��
���� et al., 2014). The 
����
���
����	��������

+�����	����	����������
�������
���	
���
�
indicate the intrinsic chirality of components within the one-cell 
embryo. They further suggested that this chirality could provide 
cues to establish left-right asymmetry at later stages. Interestingly, 
whereas the cortical granules were observed to rotate by an angle 
of �120��������������������	�������
����
�
��
��������
"	�������
half a turn (180��#�Q�	��	��������������	����
�����"���	��7�����
possibility of differential rotation of organelles within the embryo 
���������
�����"��
����	������	�������	����������
�����������������
it could represent a mean to change their cytoplasmic environment. 

In summary, we have imaged the distribution of paternal and 
maternal chromatin relative to each other in the early living C. 
elegans embryonic nuclei. We found that intermingling of the 
������������
���	�������
������	������������������	������	���k��
phase in the blastomeres of the 4-cell embryo. The Dendra2-
X�?>�"�����	��� �
��� ����	�� ����� ��� ��������� ��
��� ��
���
useful in future studies on cell lineages, chromatin mobility, and 
histone dynamics. 

Materials and Methods

Construction of a Dendra2-H2B expression cassette and insertion 
into a MosSCI vector

L� �����	� �
���	�	��� ��� %*�� ��� �������	�� B������ ��/������ �����
����������

�>
��	�	V���
���"�����	
��	��C.elegans (Fig. S2) and that 
�
���	�������
���	���
�������
���	�����
��UBQ>BJL��U
����@<L�#�Q�	��
��/������ ���� =]�� ����	��� ��	��� AttB-containing primers (forward 
*{>��������������������������������������������������������>�{7�
�������� *{>����������������������������������������������������-
�������>�{�������
���	������k��������B�J����������	���	�������?=�
]�
�������V�����	"��}	���Q����
�
�	����]L��@<L�#�Q���������	��������	�
	��������]}��#�L��%q����������������
	������	��
���X�?��his-66) was 
����	�����
��C. elegans����
�	��BJL���	�����	�����*{>�����������������-
����������������������>�{���
���������*{>���������������������������>�{�
���������������
���	�>�������������]>����	����
��B������	��������	/���
<��U��	���
��]}��#�Q���������	��������	�	��������]}��#�Q���k�������
donor vectors containing Ce-Dendra2��]}����
��Ce-Dendra2-his-66��]}����
�������/���������	��#�]}�������	��������
����	����]�|�*$�����	���
��
����	+�|
�������7�L��������5��57����
+'���>|����� et al., 2008)), 
�]��#�q�����	�����
��k����	���<��
�"7�L��������&�[5������|L�*�����
�	�����
��|��	��L��	����7�L���������*��7����	��� et al., 2011)) in a 4-way 
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Generation of worm strains by Mos1-mediated single copy insertion 
(MosSCI)

C. elegans was maintained according to standard procedures (Stier-
nagle, 2006). Transgenic worm lines were generated using the MosSCI 
����������	������
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from the EG6699 Mos1 insertion strain. All Addgene plasmids were gifts 
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+'���>|����� et al., 2008). After injection, worms 
�������	���	�������*�]�
���=*$#�X���>��
�+���������
��������[�C 
for 2 hours ��$�����������	�'���	
�#�@���]�����>��
�����������������
�
���������������
����B�����>X�?��	�����	�������
����
�����	�������
�	��
��
��#�Q���������	�����������	������	�������"����	��������������	V��
by PCR to ascertain insertion site. Homozygotes arose spontaneously and 
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Imaging of Dendra2-H2B-expressing worms by selective plane 
illumination microscopy
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in M9 buffer. Two hundreds �l of 1% prewarmed low-melting point aga-
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capillary and left to solidify. The capillary was mounted in the chamber of 
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Live imaging of early embryos, photoconversion, image processing
Embryos were dissected in Early Embryo Dissection solution (EED: 

4% sucrose in 0.1 M NaCl) and mounted on an agarose pad (2% in EED). 
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Mineral oil was pipetted around the agarose pad to prevent drying of the 
embryos. Imaging was done at room temperature on an Olympus IX81 
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to be spatially separated if the photoconverted chromatin occupied half of 
the nuclear volume or less. Otherwise, the domains were considered to 
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performed using the Amira_6.0 software from FEI.
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a b s t r a c t

Advances in fluorescent probe design and synthesis have allowed the uniform in situ labeling of individ-
ual RNAmolecules. In a technique referred to as single molecule RNA FISH (smRNA FISH), the labeled RNA
molecules can be imaged as diffraction-limited spots and counted using image analysis algorithms. Single
RNA counting has provided valuable insights into the process of gene regulation. This microscopy-based
method has often revealed a high cell-to-cell variability in expression levels, which has in turn led to a
growing interest in investigating the biological significance of gene expression noise. Here we describe
the application of the smRNA FISH technique to samples of Caenorhabditis elegans, a well-characterized
model organism.

� 2015 Published by Elsevier Inc.

1. Introduction

Most of the investigations aimed at determining gene activity
have been carried out using methods such as microarray analysis
or RNA-seq, which provide averaged expression levels in cell pop-
ulations. This over-reliance on ensemble approaches has obscured
the cell-to-cell variability (i.e. the noise) that could be observed
when the expression analysis was performed in individual cells.
Recently, however, single cell techniques have gained in popularity
and are increasingly being used to study the biological significance
of gene expression noise [1,2]. Among these, RNA FISH is unique in
that it bypasses amplification steps and combines molecular
hybridization and microscopy to reveal the localization of tran-
scripts in complex cell populations or whole organisms. Advances
in fluorescent probe design and synthesis have allowed the uni-
form in situ labeling of individual RNA molecules, which can be
imaged as single spots and counted [3,4]. Single-RNA counting
has revealed alternative modes of gene expression: constitutive
transcriptional initiation or infrequent bursts of transcription.
These modes have been associated with low and high cell-to-cell
variability, respectively, and have been detected in a variety of
models, including Saccharomyces cerevisiae [5], mammalian cell
lines [6], embryonic stem cells [7] and Drosophila embryos [8].
The single molecule RNA FISH (smRNA FISH) method is constantly

being improved. Recently, Shaffer et al. presented conditions
(dubbed Turbo RNA FISH) that allow the whole procedure to be
performed under 30 min [9] while Chen et al. developed a probe
encoding scheme and an iterative hybridization/imaging proce-
dure (called multiplexed error-robust FISH, MERFISH) that make
it possible to detect up to 1000 RNA species in individual cells [10].

Caenorhabditis elegans is a small (�1 mm) roundworm that has
become over the years a well-established model organism [11]. It
develops according to an invariant lineage and comprises, among
others, reproductive, digestive and excretory organs as well as
muscles and a diffuse neural system. So far, relatively few pub-
lished studies have taken advantage of the power of the smRNA
FISH technique to analyze and to quantify gene expression in
C. elegans. Those that did, however, provided novel and important
insights into the gene regulation process in this model organism,
and in particular in the control of gene expression variability
[12,13]. It was found for instance that mutations in the skn-1 gene,
the master regulator of endodermal development, lead to stochas-
tic fluctuations in the expression of downstream effector genes
rather than to uniform inhibition and that this effect may explain
the incomplete penetrance of such mutants [14]. In another report,
Nair et al. showed by perturbing cell lineages and analyzing gene
expression of developmental regulators that the onset of expres-
sion is coordinated with, but independent of cell divisions during
early embryogenesis [15]. Finally, analysis of the expression of
lin-3 EGF and its Notch ligand targets by smRNA FISH revealed a
global de-repression of the gene in mutants that affect the EGF/
Ras pathway as well as an abrupt increase in the RNA counts for
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Notch ligands in EGF-target cells during vulval induction [16,17].
These studies illustrate the power of performing quantitative gene
expression analysis in a model organism for which a large collec-
tion of well-characterized mutants is available.

2. Overview of the method and main challenges

The smRNA FISH technique relies on the hybridization of well-
defined sets of fluorescent probes to individual cellular RNAs in
order to provide a quantitative measure of gene expression at
the single cell level. Using this approach, single RNA molecules
are turned into labeled diffraction-limited ‘‘dots” that can be
imaged under the microscope and counted using image analysis
algorithms [3,4]. Since smRNA FISH is a microscopy-based tech-
nique, it can be used to localize RNAs inside the cell, and in par-
ticular to distinguish between cytoplasmic and nuclear signals.
The latter most often correspond to nascent transcripts. As a
result of the loading of multiple polymerases on the template
and limiting steps in the processing of pre-mRNA, the nuclear
smRNA FISH dots usually represent multiple nascent transcripts
that accumulate at the site of transcription and are thus more
intense than their cytoplasmic counterparts. The RNA output at
the site of transcription can be approximated from the intensity
of the nuclear signal, thereby enabling one to assess the respec-
tive contribution of nascent transcription and steady state distri-
bution to the overall RNA counts.

The smRNA FISH technique was pioneered by the groups of
Tiagy and van Oudenaarden [6,18]. It consists of 6 main steps:
sample preparation, fixation, hybridization, washes, imaging and
signal quantification (Fig. 1). One of the main features of smRNA
FISH is the use of homogeneously labeled oligonucleotide probes,
which ensures efficient penetration, low background and repro-
ducible signal strength. Amplification of the signal occurs through
the use of up to 48 oligonucleotide probes against a given RNA tar-
get. As will be described below, the fact that the hybridization sig-
nals are similar to each other in terms of size and intensity is
exploited by the image analysis algorithms to differentiate true
and false positives.

Protocols have already been published to perform smRNA
FISH in C. elegans [19]. The present paper presents improvements
along four lines: (1) facilitated and gentler manipulation of sam-
ples through the use of ‘‘baskets” to transfer worms from one
solution to the next; (2) acetone fixation of adult worms to
reduce autofluorescence caused by aldehyde fixation; (3) shorter
hybridization time; and (4) use of a mounting medium that is
compatible with oil immersion objectives to improve imaging.
It is important to mention here some of the drawbacks of the
smRNA FISH technique. First, the throughput is currently limited
to a few genes at a time, although recent advances have allowed
the detection of 1001 different RNA species using a 14-bit probe
encoding scheme, with a positive identification rate of 73% [10].
Second, in the case of highly expressed genes, the fluorescent sig-
nals from the individual RNA molecules can overlap, thus hinder-
ing their proper identification and leading to an underestimation
of the RNA count. Super-resolution microscopy, in particular of
the stochastic reconstruction variety such as STORM, could help
to solve this problem of signal overlap; however, to our knowl-
edge no report has yet appeared that combines super-
resolution microscopy and smRNA FISH, and our own preliminary
experience pointed out the inherent difficulties in acquiring
STORM signals in 3D throughout the cell volume. Finally, the
importance of being able to outline the cells of interest should
not be underestimated if one wishes to quantify expression in
single cells or to assess cell-to-cell variability in expression levels.
While this usually proves not to be an issue when analyzing

expression in mammalian cell cultures, it can create problems
when attempting to analyze expression in complex tissues and
whole organisms such as C. elegans. In these cases, it is necessary
to devise a mean to identify single cells, usually via an additional
fluorescent label such as membrane-targeted GFP or, as was done
in a recent paper on vulval induction [20], by co-hybridization
with probes against a gene that is known to be expressed in a
well-defined subset of cells. Despite these shortcomings, smRNA
FISH remains a powerful and reliable technique to investigate
gene expression and regulation. In this paper, we describe its
application to the study of these fundamental processes in the
C. elegans model organism.

3. Material and reagents

Material
� Microscope slides, 76 mm � 26 mm � 1 mm, pre-cleaned, twin
frosted end

� Coverslips, 18 mm � 18 mm, high quality #1.5
� Diamond pen
� Razor blade
� Metal block in dry ice: a block from a dry bath (e.g.
10 cm � 8 cm) is turned upside down, half-buried in pellets of
dry ice and stored at �80 �C.

� Coplin jars
� Nitex nylon fabric, mesh size of 50 lm, manufactured by Sefar
(cat. no. 03-50/37), purchased from Dominique Dutscher Inc.
(cat. no. 074010)

� 24-well plate
� Parafilm
� Forceps
� 15-ml tube, polypropylene, conical bottom
� Glass tube with conical bottom, 17 � 112 mm
� Hybridization chambers: 13 mm diameter, 20 ll volume (Elec-
tron Microscopy Sciences Inc., cat. no. 70324-02)

Reagents
� Gelatin, from porcine skin (Sigma–Aldrich, cat. no. G1890)
� Chrome alum (Sigma–Aldrich, cat. no. 243361)
� 1 M sodium azide (NaN3), Sigma–Aldrich S2002. Caution, this is
a toxic substance.

� Poly-L-lysine (PLL) solution: heat 40 ml of ddH2O (doubly-
distilled water) to 60 �C. Dissolve 0.08 g of gelatin. Cool the
solution to 37 �C. Add 0.008 g of Chrome Alum. Mix well. Add
40 ll of 1 M NaN3 (final concentration is 1 mM). Dissolve
40 mg of poly-L-lysine (hydrobromide, Mw > 300 000 g/mol,
Sigma–Aldrich, cat. no. P1524, final concentration is 1 mg/ml).
Transfer to a 50-ml tube. Store at 4 �C.

� DEPC-treated ddH2O: Dissolve 1 ml of diethyl pyrocarbonate
(DEPC, Sigma–Aldrich, cat. no.D5758) per liter of ddH20 under
the hood. Mix until ‘‘oily droplets” have disappeared from the
solution (15–30 min). Autoclave.

� 10 mM Tris–HCl pH 8, RNAse-free
� 10� PBS, RNAse-free: dissolve one PBS tablet (Sigma–Aldrich,
cat. no. P4417) in 20 ml of DEPC-treated ddH2O.

� 1� PBS, made in RNAse-free water
� Tween-20TM, polyoxyethylene-sorbitan monolaurate, (Sigma–
Aldrich, cat. no. P-5927)

� Methanol, in a Coplin jar, at �20 �C
� Acetone, at �20 �C
� 4% formaldehyde in 1� PBS: Add 10 ml of 16% formaldehyde
(Electron Microscopy Sciences Inc., cat. no. 15710, EM grade)
to 26 ml of DEPC-treated ddH2O and 4 ml of 10� PBS RNAse-
free.

� 0.5 mg/ml DAPI in 1� PBS, (Sigma–Aldrich, cat. no. 32670)
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� Prolong Gold mounting medium, (Life Technologies, cat. no.
36934)

� 20� SSC, RNAse-free (Ambion/Life Technologies, cat. no.
AM9763)

� Formamide, molecular biology grade, (Sigma–Aldrich, cat. no.
47674)

� 2� SSC/10% formamide: Add 5 ml of 100% formamide to 5 ml of
20� SSC and complete to 50 ml with DEPC-treated ddH2O. Store
at room temperature.

� 2� Hybridization buffer: dissolve 1 g of dextran sulfate (Sigma–
Aldrich, cat. no. D8906) in 2 ml ddH2O, add 200 ll of 10% BSA
(w/v, prepared in DEPC-treated ddH2O) and 1 ml 20� SSC
RNAse-free and complete to 5 ml by DEPC-treated ddH2O. Store
at �20 �C.

� 200 mM ribonucleoside-vanadyl complex, (NEB cat.no. S1402S)

� 10 mg/ml yeast tRNA, (Sigma-Aldrich, cat. no. R5636)
� Wetting solution for tips and plastic Pasteur pipettes: 0.02%
(v/v) Tween-20TM in DEPC-treated ddH2O

4. Detailed protocol

4.1. Probe design and synthesis

The preferred probes are 20-mer oligonucleotides carrying a
single fluorophore at one end (50 or 30). The small size of the probes
(�6.5 kDa) allows for rapid and efficient penetration into the
worm. To achieve a sufficient signal-to-background ratio, multiple
probes are targeted along an individual RNA sequence. In our expe-
rience, a set of 36-48 probes that cover the entire length of the RNA

Fig. 1. Schematic outline of smRNA FISH on C. elegans samples. The procedure is performed either on slide for embryos and young larvae (left) or in suspension for L3 and L4
larvae and adult worms (right). The main steps are shown: preparation of samples, fixation, hybridization, washes, imaging and quantification. Apart from the way in which
samples are handled (attached on slide or incubated in filter baskets), the main differences between the two protocols reside in (1) the need to freeze-crack samples on slide
to allow penetration of reagents through the egg shell or cuticle; (2) the fixative that is used, i.e. 4% formaldehyde (PFA) for samples on slide and 100% cold acetone for those
in suspension; (3) the shorter hybridization time for samples in suspension.
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molecule provides an optimal signal strength. The probes are
designed as follows.

1. Search for the gene of interest in Wormbase (www.wormbase.
org).

2. Extract the sequence of the mature transcript using the view
spliced + UTR function of the Page Contents – Sequences
feature.

3. Paste the transcript sequence into the Stellaris RNA FISH
probe designer on the website of the Biosearch Technologies
company (https://www.biosearchtech.com/stellarisdesigner/).
Choose C. elegans as organism and 3 as masking level. Use the
default settings for maximum number of probes (48), length
(20-mer) and spacing between probes (2 nt).

4. BLAST the recommended probes against the C. elegans genome.
Discard the probes that show an aligned sequence of 16 nucleo-
tides or more to an off target. Replace them by shifting the
initial sequence a few nucleotides downstream or upstream
along the target sequence and re-analyzing the resulting probe.
Make sure that the chosen sequence retains a GC contents that
is comparable to that of the other probes.

We routinely order sets of fluorescent oligonucleotides from
commercial sources (e.g. Biosearch Technologies, Petaluma, CA,
USA). These are labeled at the 30 end. In our hands, the Quasar dyes
perform best. The pooled oligonucleotides are resuspended to a
final concentration of 25 lM in RNAse-free 10 mM Tris–HCl pH 8
and stored protected from light at �20 �C.

Notes

� In the rare event of an exceptionally long mature RNA (>4 kb),
we use the last 3 kb of the transcript as target sequence. In C.
elegans, the untranslated sequences are usually short and the
majority of the probes therefore target the coding sequence.

� Alternatively, individual oligonucleotides can be synthesized
with one aminoallyl derivative (C6-dT) at the 50 end or up to
one such modified nucleotide every �10 bases. Theses oligonu-
cleotides can then be labeled in vitro with amine-reactive fluo-
rophores (e.g. N-hydroxysuccinimidyl-ester conjugates). After
labeling, the oligonucleotides must be separated from the free
dye molecules by size-exclusion chromatography. While this
in-house labeling approach offers the flexibility of changing
the fluorophore as needed, it is more time-consuming and less
controlled than purchasing oligonucleotides that are labeled
during synthesis.

4.2. Hybridization on slide

The hybridization procedure can be carried out either on a
microscope slide or in suspension. However, in practical terms,
older larvae (L3, L4) and adult worms attach poorly onto glass slides
and it is therefore highly advisable to perform the hybridization of
these samples in suspension, as described in Section 4.3. On the
contrary, smRNA FISH on embryos and early larvae (L1, L2) is best
carried out on samples that are attached to a microscope slide.

4.2.1. Treatment of slides
It is crucial to treat the slides in order to promote adhesion of

the embryos and/or young larvae. The importance of this step can-
not be overstated. To minimize loss of the sample, slides are coated
with high molecular weight poly-L-lysine, which provides a posi-
tive surface to which the negatively charged egg shell/cuticle of
the worm can attach.

1. Bring the poly-L-lysine (PLL) solution to room temperature.

2. Incubate two pre-cleaned microscope slides back-to-back in the
PLL solution for 2 min.

3. Remove the slides from the PLL solution and place them upright
against a support. Leave to dry at least 20 min, protected from
dust.

4. Use on the same day.

Notes

� When stored at 4 �C, the PLL solution is stable for at least 2-
3 months. It can be used repeatedly. However, it should be
made fresh once a decrease in the adhesion of the samples to
the slides is noticed.

� To provide even greater adhesiveness, a small drop of the PLL
solution (�20 ll) can be pipetted in the center of the slide,
which is then placed on a hot plate (�80 �C) and left there until
the PLL solution has evaporated. The spot of evaporated PLL
should be sticky.

4.2.2. Sample preparation and fixation
Samples are fixed by aldehyde crosslinking to optimally pre-

serve cellular structure and morphology. Since the egg shell and
the cuticle are impermeable to the fixative, a procedure referred
to as ‘freeze crack’ (steps 5–7 below) is used to tear off part of these
structures [21].

1. Isolate embryos or synchronized larvae according to standard
procedures (see Notes).

2. Wash once in ddH2O and resuspend in 50 ll of ddH2O per
starting 60 mm petri.

3. Label a PLL-treated slide. Using a diamond pen, slightly etch a
circle of �1 cm in diameter on the reverse side.

4. Deposit 25 ll of embryo/larva in the marked circle onto the
PLL-treated microscope slide.

5. Gently cover with a 18 mm � 18 mm coverslip. Adsorb the
excess liquid with a filter paper until the sample is slightly
compressed.

6. Place the slide on a metal block in dry ice. Incubate at least
30 min at �80 �C.

7. Working rapidly, hold the slide vertically, insert a razor blade
under the corner of the coverslip and pop it off.

8. Immediately fix the samples in cold methanol, 2 min at
�20 �C. (The incubations in this and subsequent steps are
performed in Coplin jars.)

9. Quickly dip the slides a few times in cold PBS. Transfer to cold
4% formaldehyde in PBS. Fix 10 min at room temperature.

10. Wash twice 3 min in fresh PBS at room temperature.
11. Equilibrate the slides in 2� SSC/10% formamide for at least

15 min and no longer than 1 h.

Notes

� Embryos are isolated by bleaching young gravid hermaphro-
dites [22]. Embryos are either used immediately or seeded on
agar with food and left to develop until the desired stage.

� Worms and embryos tend to stick to plastic tips. To prevent loss
of material, the tips should first be rinsed in a solution that con-
tains traces of detergent (e.g. 0.02% Tween-20TM) before pipet-
ting the sample.

� The PBS and formaldehyde solutions that are used after the
brief methanol fixation (step 9) must be cooled to 4 �C in ice
or in the refrigerator before use. This pre-cooling step is
important in order to avoid detachment of the samples from
the slides.

� Before ‘‘cracking”, the samples can be stored at �80 �C for up to
a few days.

4 J. Bolková, C. Lanctôt /Methods xxx (2015) xxx–xxx

Please cite this article in press as: J. Bolková, C. Lanctôt, Methods (2015), http://dx.doi.org/10.1016/j.ymeth.2015.11.008



4.2.3. Hybridization, washes and mounting

1. For each sample, prepare the following mix (first dilute an
aliquot of the probe 1:20 to 1.25 lM):

Probe(s) (1.25 lM) 1 ll
DEPC-treated ddH2O 6.75 ll
10 mg/ml yeast tRNA 1 ll (optional)
200 mM ribonucleoside-vanadyl complex 1.25 ll (optional)
Formamide 2.5 ll

2. Add 12.5 ll of 2� Hybridization buffer. Mix well by vortexing.
The final probe concentration is 50 nM and that of formamide,
10%.

3. Pipette 20 ll of the hybridization mix in a 13-mm hybridiza-
tion chamber.

4. Take out a slide from the 2� SSC/10% formamide solution and
carefully wipe out as much liquid as possible around the sam-
ple. Invert on the 20 ll drop in the hybridization chamber.
Press gently to seal the hybridization chamber.

5. Hybridize at 37 �C for 6 h.
6. Remove the hybridization chamber and wash slides twice in

2� SSC for 5 min at room temperature.
7. Wash once in pre-heated 2� SSC/10% formamide for 30 min at

37 �C, occasionally pulling the slides out and back in.
8. Rinse in 2� SSC and wash once in 2� SSC for 5 min at room

temperature.
9. Submerge the sample with 500 ll of 1 lg/ml DAPI. Stain for

2 min.

10. Rinse with 2� SSC and mount in Prolong Gold medium. Cure at
least 24 h, seal with nail polish and proceed to imaging.

Notes

� The yeast tRNA and the ribonucleoside-vanadyl complex are
added to the hybridization mix to protect cellular RNA from
degradation.

� We find little difference in signal for probe concentrations rang-
ing from 50 nM to 250 nM.

� In our hands, the Prolong Gold mounting medium consistently
gives excellent results with cyanine or Quasar dyes.

4.3. Hybridization in suspension

As mentioned above, late larvae and adult worms do not attach
well enough to the glass slide to withstand the smRNA FISH proce-
dure. Hybridization is therefore carried out in suspension. To obvi-
ate the need to pellet the worms by centrifugation before each
change of solution, we are using small home-made ‘filter baskets’
to transfer the samples from one solution to the next. These bas-
kets have a 50 lm mesh bottom to allow for the rapid and efficient
exchange of solutions while ensuring retention of the sample. We
have found that the use of these filter baskets greatly facilitates
and accelerates the handling of C. elegans samples during smRNA
FISH. In addition, the omission of repeated centrifugations appears
to lead to better preservation of worm morphology.

4.3.1. Preparation of filter baskets

1. Cut a �2 cm2 piece of Nitex nylon fabric (mesh size of 50 lm).
Cut a P1000 tip approximately 2 cm from the large opening.

2. Briefly flame the large opening of the P1000 tip. Stamp the
melted plastic onto the piece of nylon membrane.

3. Check that the nylon membrane is firmly attached to the tip
and, if so, trim it down.

4.3.2. Fixation of samples
We have found that fixing adult worms with acetone leads to

decreased levels of auto-fluorescence when compared with results
obtained on aldehyde fixed samples. In addition, the absence of
crosslinking in alcohol-fixed mammalian cells has been shown to
allow for much faster hybridization [9]. We found that the same
is true of worms fixed with acetone. It should be mentioned, how-
ever, that acetone fixation leads to loss of GFP signal and is there-
fore incompatible with the use of a GFP-based reporter to delimit
or label cells.

1. Collect the worms from at least one fully grown 60 mm petri
and transfer to a 15-ml conical bottom glass tube.

2. Let the worms settle and wash twice with ddH2O.
3. Remove as much liquid as possible. Pipette 4 ml of cold (�20 �C)

acetone onto the worm pellet. Mix well. Fix 10 min at room
temperature.

4. Pipette out 2 ml of acetone, taking care not to remove worms,
and replace with an equal volume of PBS. Mix well. Incubate
2 min.

5. Pipette out 2 ml of the acetone/PBS mix and replace with an
equal volume of PBS. Mix well. Incubate 2 min.

6. Using a P1000 pipette tip that has been rinsed in PBS containing
traces of detergent, transfer the worm solution into a home-
made filter basket.

7. Rinse the worms by putting the basket in 1.5 ml of PBS in a well
of a 24-well plate.

8. Transfer the filter basket to another well containing 1.5 ml of
PBS. Incubate for 5 min.

9. Transfer the filter basket to another well containing 1.5 ml of
2� SSC/10% formamide. Mix once by lifting the basket up and
down. Equilibrate the worms in this solution for at least
15 min at room temperature under the hood.

Notes

� All embryos and the majority of L1 and L2 larvae pass
through the mesh of the filter basket. Older larvae and
adults are retained, albeit with varying efficiency. A signifi-
cant loss of even the adult worms occurs when the worm
population is first transferred to the basket (up to 50% of
individuals). Afterwards, minor losses occur throughout the
procedure. However, it should be emphasized that the easy
handling and gentle manipulation that are afforded by the
use of filter baskets largely compensate for the loss of part
of the sample.

� Some worms tend to aggregate during acetone fixation. This
does not cause any problem in subsequent steps.

� Filter baskets made from P1000 tips can stand upright in the
wells of a 24-well plate, but not in larger wells.

4.3.3. Hybridization, washes and mounting

1. For each sample, prepare the following mix:

Probe(s) (25 lM) 1 ll
DEPC-treated ddH2O 32 ll
10 mg/ml yeast tRNA 2 ll (optional)
200 mM ribonucleoside-vanadyl complex 5 ll (optional)
Formamide 10 ll
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2. Add 50 ll of 2� Hybridization buffer. Mix well by vortexing.
The final probe concentration is 250 nM and that of for-
mamide, 10%.

3. Pick up the filter basket and remove as much of the remaining
equilibration medium as possible (�200 ll) by aspirating
through the membrane bottom.

4. Place the basket upright in the center of a piece of parafilm
(�2 cm2). Wrap the parafilm around the basket to seal the fil-
ter membrane.

5. Pipette the hybridization mix (100 ll) in the basket. Swirl
gently to mix. Check under the microscope that the worms
are in the hybridization mix. Cover the whole basket with par-
afilm to avoid drying of the hybridization mix.

6. Put the wrapped basket in a tube and hybridize at 37 �C for
3 h in a water bath.

7. Unwrap the basket from the parafilm and aspirate as much
hybridization mix as possible through the bottom of the
membrane.

8. For each sample, prepare the following wells in a 24-well
plate: 5 wells with 2� SSC and 2 wells with 2� SSC/10% for-
mamide. Pipette 1.5 ml in each well.

9. Perform the following washes by transferring the filter basket
from one well to the other:

2� SSC rinse once
2� SSC wash 5 min twice
2� SSC/10% formamide rinse once
2� SSC/10% formamide wash 30 min once (at 37 �C)
2� SSC rinse once
2� SSC wash 5 min once

10. After the last wash, stain the worms for 2 min in 1 lg/ml DAPI
in the 24-well plate. Rinse once in 2� SSC. Leave the basket in
2� SSC.

11. Using a pipette tip rinsed in 0.02% Tween-20, transfer the
worms from the basket to a microtube. Let worms settle.

12. Using a finely pulled capillary and working under the stere-
omicroscope, aspirate the solution as completely as possible
without taking in any of the labeled worms.

13. Resuspend the worms in 10 ll of Prolong Gold mounting
medium. Using a rinsed pipette tip transfer to a microscope
slide and cover with a #1.5 high quality 18 mm � 18 mm
glass coverslip. Cure at least 24 h, seal with nail polish and
proceed to imaging.

4.4. Imaging

We image samples on an Olympus IX71 wide field fluorescence
microscope equipped with high numerical aperture 60� or 100�
oil immersion objectives and a sensitive Andor Clara CCD camera.
It is not recommended to use a confocal microscope to image
smRNA FISH spots because the signals are much weaker on this
type of instruments. As a source of light, we use a standard
100W high pressure mercury vapor lamp. Although some smRNA
FISH protocols recommend the use of oxygen-depleting water
mounting medium to avoid bleaching [19], we have found that
the ready-to-use Prolong Gold antifade mounting medium pro-
vides excellent image quality and photostability. Furthermore, its
refractive index is closer to that of oil, which limits optical aberra-
tions, a property that is especially important when imaging the rel-
atively thick C. elegans samples (30–100 lm). The sample is
scanned at intervals of 250 nm along the z-axis using a
computer-controlled piezo stage. It should be noted that the short
working distances of the 60� and 100� objectives do not allow to

collect high quality images throughout the worm volume; it is
therefore preferable to scan different individuals from different
angles. A total of approximately 40–60 optical sections are
acquired, from longer to shorter wavelengths in the case of multi-
color experiments. The typical exposure time is 200 ms per optical
section. Fig. 2 shows a longitudinal section of a L4 worm hybri-
dized with two different probes and counterstained with DAPI.
Individual RNA molecules can be clearly detected, in intestinal

Fig. 2. Multicolor smRNA FISH results. The smRNA FISH procedure was carried out
in suspension on L4 larvae and young adults, as described in the text. The probes
that were used targeted the sbp-1 or the pho-1 gene products, and each consisted of
pools of forty-eight 20-nt oligonucleotides labeled with Quasar 570 (green) or
Quasar 670 (red), respectively. The nuclear DNA was counterstained with DAPI
(gray). (A–C) The sbp-1 signal alone, the pho-1 signal alone and a merged pseudo-
colored image of both signals and the DAPI counterstain are shown in the anterior
region of a L4 intestine and in the medial part of one of the gonads. The images are
maximal projections of two consecutive optical sections (total thickness of 500 nm).
In A and B, the brightness was adjusted to show single RNA dots in the cytoplasm.
Boxed region in C is shown enlarged in panel D. int, intestine; gon, gonad. Scale bar,
10 lm. (D) sbp-1 is expressed at similar levels in the two anteriormost segments of
the C. elegans intestine (green dots in int1 and int2). The single molecule sensitivity
of the smRNA FISH technique allows the expression of pho-1 to be detected in the
int2 segment (red dots), which is not the case with histochemical staining and
reporter assays [27]. pho-1 does not appear to be expressed in int1. The individual
cytoplasmic mRNA molecules are clearly detected. The brighter spots in the DAPI-
stained nucleus (arrow) represent sites of nascent transcription. Scale bar, 5 lm. (E)
The RNA counts for sbp-1 appear highly variable from cell to cell in the L4 gonad.
Shown is a maximal projection of two optical sections taken from the same worm as
in C. The arrow points to a local accumulation of sbp-1 RNAs (green dots) and to a
nucleus that displays nascent transcription spots. Scale bar, 5 lm.
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and germ line cells in this case. In addition, brighter spots corre-
sponding to sites of nascent transcription can be seen in the nuclei.

As mentioned above, one of the challenges in performing quan-
titative single cell smRNA FISH on C. elegans samples is actually to
be able to outline the individual cells to which RNA molecules
should be assigned. Unlike cultured cells, cells in the worm adopt
complex three dimensional shapes that can be difficult to delineate
without label. We found that using a membrane-targeted GFP can
help to identify individual cells. It should be noted however that
performing hybridization in the presence of formamide, even at
low concentration as in the present protocols, leads to a decrease
in the strength of GFP signals.

4.5. Quantification of gene expression

A number of freely available programs have been developed to
quantify smRNA FISH results, including the Aro Spot Finding Suite
(http://labs.biology.ucsd.edu/rifkin/software.html), StarSearch
(http://rajlab.seas.upenn.edu/StarSearch/launch.html) and FISH-
quant (https://code.google.com/p/fish-quant/). We are using the
latter, which is a MATLAB-based software that can not only auto-
matically count individual RNAs, but also process image stacks in
batches and approximate the number of nascent transcripts at
nuclear transcription sites [23]. Fig. 3 illustrates the initial step of
the image analysis process, i.e. the generation of a filtered image
which shows greatly increased signal-to-background ratio. It also
shows that smRNA FISH signals having signal-to-background ratio
as low as 1.3 on the untreated optical section can be efficiently

converted to clear spots through filtering. Since cytoplasmic mRNA
signals are diffraction-limited spots, the basic principle of the
detection algorithm is to first identify local intensity maxima on
the filtered image and then attempt to fit candidate spots with
3D Gaussian on the raw data. For each spot, quality scores which
depend on the intensity of the surrounding pixels are calculated
and are used after the detection and fitting steps to reject false
positives.

The higher intensity of the RNA FISH signals and the co-
localization with the DAPI signal are the distinctive features that
usually allow nascent transcription spots to be identified. If
needed, co-immunostaining for a component of the nuclear
periphery, e.g. lamin B, can be used to rigorously assign smRNA
FISH signals to either the nucleus or to the cytoplasm. To quantify
nascent transcripts, we use the point-spread-function (PSF) super-
imposition approach, one of four that were built in the FISH-quant
program. The PSF is the three-dimensional diffraction pattern pro-
duced by an infinitely small dot of light. The PSF superimposition
approach first consists in generating an average PSF image from
hundreds to thousands of cytoplasmic mRNAs. This average image
is then taken as representative of a single RNAmolecule and super-
imposed iteratively onto itself until the resulting image is more or
less of the same size and intensity as the spot of nascent transcrip-
tion, i.e. until the diffraction pattern of the reconstructed image is
similar to that of the transcription spot. The number of iterations
corresponds to the approximate number of nascent transcripts.
This approach has the advantage of being able to take into account
irregularly-shaped transcription spots. It is important to stress

Fig. 3. Filtering smRNA FISH images to enhance spot detection. The smRNA FISH procedure was carried out on C. elegans embryos attached to a microscope slide, as described
in the text. The probe targeted sbp-1 transcripts and was labeled with Quasar-570 dye. The sbp-1 (sterol regulatory element binding protein 1) gene is mainly expressed in the
intestinal lineage. The images are maximal projections of four consecutive optical sections (total thickness of 1 lm). The nuclear DNA was counterstained with DAPI (gray).
(A) A 117-cell embryo shows expression of sbp-1 (green dots) in the putative E cells of the endodermal lineage. (B) Background removal is accomplished by subtracting a
highly blurred image from the raw data and then enhancing spots in the resulting image using a low kernel Gaussian filter. This initial processing step leads to much better
contrast. A total of 104 molecules are present in the embryo at the time of fixation. Scale bar, 10 lm. (C, D) Plots of pixel intensities measured for 10 spots along a 3.5 lm line
centered on the spot. The data was extracted from the raw (C) or the filtered (D) images. Note the large increases in signal-to-noise ratio after filtering.

J. Bolková, C. Lanctôt /Methods xxx (2015) xxx–xxx 7

Please cite this article in press as: J. Bolková, C. Lanctôt, Methods (2015), http://dx.doi.org/10.1016/j.ymeth.2015.11.008



that, since the average image is generated from cytoplasmic RNA
signals, the number of nascent transcripts that is computed is that
of full-length equivalents. It can therefore easily be underesti-
mated because the transcription spot comprises RNAs at different
stages of synthesis, i.e. of different lengths, many of which will
not hybridize with the complete set of oligonucleotide probes.

A useful indicator of cell-to-cell variability is the Fano factor,
which is the variance of mRNA counts within a population over
the mean count. If the Fano factor equals 1, then the mRNA counts
follow a Poisson distribution, that is the probability of transcrip-
tional initiation is constant over time. However, a Fano factor
higher than 1 is indicative of transcriptional bursting, i.e. short
periods of intense activity interspersed by periods of inactivity
[3]. Measuring the proportion of cells that display labeled tran-
scription sites in the cell nucleus and the output at each of these
sites provides more direct information on the transcriptional
dynamics of individual genes [24].

5. Concluding remarks

Here we described how to perform single molecule RNA FISH on
C. elegans samples. smRNA FISH is a straightforward and powerful
technique to analyze gene expression in this well-characterized
model organism. Of note, the use of C. elegans allows one to study
gene regulation in processes that can be difficult to faithfully
reproduce in culture, such as gametogenesis, embryogenesis, dis-
ease development and aging [25,26]. In performing smRNA FISH
experiments on C. elegans samples, special attention should be
given to probe design to ensure specific coverage of the full-
length mRNA molecule. In addition, care should be taken not to
damage the embryos/worms during the procedure and to acquire
the fluorescent signals with an objective of high quality and high
numerical aperture combined with a sensitive CCD camera.

The main strength of the smRNA FISH approach is that it pro-
vides a quantitative view of gene expression in single cells, which
often reveals high variability in expression levels between neigh-
boring cells (see for instance the expression of sbp-1 in the gonad,
Fig. 2). The microscopy-based method further allows to focus on
the quantification of expression at sites of nascent transcription
inside the cell nucleus. Insights into the mode and dynamics of
transcription can be inferred from the frequency and intensity of
the nascent transcription spots. The stochastic nature of gene reg-
ulation has emerged as a research theme of broad interest in recent
years, and no doubt the wider application of smRNA FISH to
C. elegans biology will lead to novel discoveries in this field.
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