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Introduction

During metazoan development, embryonic cells decrease in 
size by up to two orders of magnitude (from 1.2 mm to 12 
µm in Xenopus laevis) as a consequence of multiple rounds of 
cell division without growth of the embryo. Using Xenopus or 
Caenorhabditis elegans embryos as model organisms, it has 
been shown that mitotic structures, including mitotic spindle 
length, centrosome size, and nuclear size, all scale with cell size 
(Wühr et al., 2008; Greenan et al., 2010; Levy and Heald, 2010, 
2012; Loughlin et al., 2011).

The study of mitotic chromosome scaling has received less 
attention even though the phenomenon was first reported over 
100 yr ago (Conklin, 1912; Schubert and Oud, 1997; Kieserman 
and Heald, 2011; Neurohr et al., 2011; Hara et al., 2013). The 
size of an organism’s genome remains constant in all diploid 
cells in spite of dramatic and rapid changes in cell size during 
embryonic development. The maximum length of condensed 
mitotic chromosomes cannot exceed half of the spindle length 
(Schubert and Oud, 1997). Thus, mitotic chromosomes scale in 
size in response to decreasing cell size.

Studies in Xenopus have shown that chromosomes re-
duce in size as the embryo progresses through development. 
Nuclei isolated from small cells of older embryos incubated 
in mitotic-arrested egg extract (derived from large cells) con-
densed their chromosomes to lengths predicted for smaller 
cells, meaning that the cytoplasm did not dictate chromosome 

size. Furthermore, allowing small cell–derived nuclei to ex-
pand to levels found in large cells (in large cell extract) resulted 
again in short chromosomes. However, when G2 nuclei were 
subjected to an entire cell cycle in large cell egg extract, the 
resulting size of mitotic chromosomes matched those of larger 
cells. Therefore, it was concluded the nuclear volume had no 
apparent effect on chromosome size scaling (Kieserman and 
Heald, 2011). Chromosome length measured in fixed, flattened 
C. elegans embryos indicated that artificial reduction in nuclear 
size (through disruption of nuclear import/export trafficking) 
reduced chromosome size (Hara et al., 2013). In addition, in-
terphase Xenopus nuclei incubated in egg extract and prevented 
from expanding by inhibiting nuclear import resulted in smaller 
chromosomes. In sum, studies on chromosome length scaling 
have not reached a consensus.

To investigate the seemingly disparate results found in 
C. elegans and Xenopus, we developed a quantitative live cell 
assay of C. elegans embryos that allowed us to evaluate cell, nu-
clear, and chromosome size. The C. elegans embryo has a rela-
tively low diploid number (12) and homogeneous chromosome 
size (varying by <50% in genomic length), providing an excel-
lent system to study chromosome size scaling in vivo. We have 
correlated cell, nuclear, and chromosome size in measurements 
derived from intact embryos, allowing statistical analysis of 
this process. RNAi-based depletion to independently alter cell 
or nuclei size to decouple developmental program from normal 
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scaling showed that chromosome size scales to cell size as well 
as nuclear size. We found that depletion of proteins required 
for establishing the RAN (Ras-related nuclear protein)-GTP 
gradient decoupled cell size from chromosome size; however, 
the relation between nuclear size and chromosome length was 
to some extent maintained. In sum, our results show that chro-
mosome size scales via a predictable, nuclear trafficking–based 
mechanism in early development.

Results and discussion

Chromosome length regulation during the 
first four divisions of C. elegans embryos
Previous work has not comprehensively analyzed chromosome 
length scaling relative to cell and nuclear size. To accomplish this 
goal, we used high-resolution time-lapse microscopy to image 
mitotic divisions in C. elegans 1- to 16-cell stage embryos ex-
pressing H2B-GFP and γ-tubulin–GFP (strain TH32, see Mate-
rials and methods). We measured embryo diameter, nuclear size, 
and chromosome lengths in 3D-rendered images (Fig. 1 A and 
see Materials and methods for details) in which we could resolve 
at least two chromosomes clearly. Chromosomes in cells after the 
16-cell stage were difficult to resolve, precluding accurate analy-
sis at this time. Our previous analysis showed that chromosome 
condensation in C. elegans completes to >90% ∼30 s before 
nuclear envelope breakdown (NEBD); therefore, we measured 
chromosome length at that time (Maddox et al., 2006). Alto-
gether, this analysis confirmed that condensed chromosomes are 
shorter in the smaller cells of more developed embryos (Fig. 1 B).

Our analysis revealed that chromosome size differences 
between 1- and 4-cell stages were not significant, whereas 

changes later were (control Bonferroni’s multiple comparisons 
test [Table S2], following the one-way ANOVA [Table S1]). 
We interpret the lack of significant difference early in develop-
ment as indication of a plateau or upper limit to chromosome 
size (discussed in more detail in "A chromosome length-scal-
ing model" below). A similar concept has been applied to infer 
upper limits of both spindle and chromosome length during 
Xenopus early embryonic development (Greenan et al., 2010; 
Kieserman and Heald, 2011).

Starting after the plateau effect (i.e., cells smaller than 30 
µm, ∼4-cell stage and older in controls), a linear regression of 
chromosome length over cell size (y = ax + b) allowed defining 
correlation parameters. Specifically, the slope “a” of the linear 
regression represents the reduction in chromosome length for 
each 1-µm reduction in cell size. The intercept “b” represents 
the chromosome length at a theoretical cell size of 0 µm and 
thus represents the theoretical minimal chromosome length. 
Applying this rule revealed that, in early C. elegans embryos, 
chromosome length is reduced predictably by 51.5 ± 10 nm per 
1-µm reduction in cell size. At a theoretical cell size of 0 µm, 
chromosome length would be 2.06 ± 0.22 µm (Table S3). We 
will use those parameters to determine how different perturba-
tions affect chromosome length regulation.

In early embryos chromosomes shorten in 
response to decreasing cell size
To determine whether we can artificially generate chromosome 
scaling anomalies as noted in the previous section, we sought 
to decouple cell size and developmental stage by changing 
the overall size of the embryo. We successfully reduced em-
bryo size by depleting an Importin-α protein, IMA-3 (Fig. 2 A 
and Fig. S1 B; Askjaer et al., 2002). Partial depletion (24 h) of 

Figure 1.  Chromosome length scales to cell 
size during early C. elegans embryogenesis. 
(A) Representative still images of time-lapse 
movies from embryos expressing H2B::GFP 
and γ-tubulin::GFP (TH32) at the 1- to 16-
cell stage. Insets are an enlargement of the 
nucleus in prometaphase. Bars, 5 µm. (B) 
Prometaphase chromosome length mea-
surements at different developmental stages 
(marks) and in correlation to cell size (up to 
28 µm in diameter, linear regression) in control 
embryos. n = 354 chromosomes.
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IMA-3 resulted in smaller embryos while maintaining chromo-
some condensation, whereas longer depletion (48 h) resulted in 
pleiotropic effects including loss of chromosome condensation 
(Fig. 2 A and Fig. S1 A). The developmental program of the 
IMA-3 partially depleted embryos was not altered as indicated 
by the proper nuclear localization of a PIE-1::GFP protein (a 
germline transcription factor) and proper cell polarity at the 
4-cell stage (Fig. S1 C; Reese et al., 2000).

When comparing chromosome length and cell size for 
each developmental stage, our analysis confirmed an early 
plateau in smaller IMA-3–depleted embryos (Table S2). The 
plateau in IMA-3–depleted embryos spanned only the 1–2-cell 
embryo stage instead of the 1–4-cell stage seen in controls. As 
predicted from a cell size–based regulatory mechanism, the rate 
of chromosome length scaling in relation to cell size after de-
pletion of IMA-3 was not statistically different than in control 
embryos (53 ± 7 nm per 1-µm reduction of cell size; Table S3 
and Fig. 2, B and C). The minimal chromosome size (y inter-
cept), a measure which is cell size and not developmental stage 
based, was also not statistically different from controls (Table 
S3). In sum, these results are in agreement with a cell size–
based mechanism regulating chromosome length and not a de-
velopmental switch hypothesis.

Cell size and nuclear size independently 
regulate chromosome length scaling
We next examined the possibility that chromosome size scales 
through nuclear size. It was previously shown in Xenopus em-
bryos that nuclei scaled to cell size through limited nuclear 
import of structural components (Levy and Heald, 2010). Spe-
cifically, increasing the available cytoplasmic fraction of impor-
tin-α correlated with increased nuclear size. To test the impact of 
nuclear import on nuclear size in C. elegans, we correlated cell 

to nuclear size in the IMA-3–depleted embryos. We found that 
in addition to having smaller than normal cells, the nuclei were 
proportionally smaller (Fig. S1 D and Table S3). Therefore, 
as we observed for chromosome size regulation, nuclei were 
appropriately sized for the corresponding cell size in IMA-3–
depleted embryos. These data raise the hypothesis that chromo-
some size scales to nuclear size, which in turn scales to cell size.

We depleted other known regulators of nuclear import 
and looked for a specific effect on nuclear rather than cell size. 
We found that partial depletion of the RAN–guanine nucleotide 
exchange factor (GEF; activator) RCC1 (regulator of chromo-
some condensation 1; RAN-3 in C. elegans, hereafter termed 
RCC1) fit these criteria (Fig. 2 A). In RCC1-depleted embryos, 
the nuclear size was smaller than predicted based on both con-
trol and IMA-3–depleted embryos (Fig. S1 D and Table S3).

Visual inspection revealed that chromosome length was 
dramatically reduced after RCC1 depletion (Figs. 2 A and 3 A), 
an observation confirmed by 3D measurement. Linear regres-
sion analysis of chromosome length to cell size in RCC1-de-
pleted embryos revealed a distinct correlation with cell size 
compared with controls (Fig. 2, B and C). Specifically, chromo-
some length reduced in relation to cell size with a lower mag-
nitude (19 ± 12 nm/µm) in RCC1-depleted embryos compared 
with controls (52 ± 10 nm/µm; Table S3). Interestingly, the 
minimal predicted chromosome size at a cell size of 0 µm was 
indistinguishable from controls.

To test the hypothesis that nuclear and chromosome 
size could be coregulated, we correlated chromosome length 
to nuclear size rather than cell size in control and RCC1- and 
IMA-3–depleted embryos (Fig. 3, B and C). In RCC1-depleted 
embryos, the constant value of chromosome length reduction in 
relation to nuclear size was indistinguishable from the control 
condition (130 ± 33 nm in control vs. 120 ± 36 nm in RCC1 

Figure 2.  Chromosome length scales to cell size, not devel-
opmental program. (A) Representative still images of time-
lapse movies from TH32 after control, IMA-3, and RCC1 
depletion at the 2-cell stage. Shown is the outline of the em-
bryo and size of the depicted embryo: black, control; green, 
IMA-3 RNAi; and purple, RCC1 RNAi. The control outline is 
overlaid on ima-3 to illustrate differences in size. Bars, 5 µm. 
(B) Chromosome length correlated to cell size in control and 
IMA-3– and RCC1-depleted embryos. (C) Graph representing 
the linear regression of cell size versus chromosome length. 
The shadows represent the 95% confidence interval. In B, 
control measurements are duplicated from Fig. 1 to compare 
the other conditions. IMA-3 RNAi, n = 287 chromosomes; 
RCC1 RNAi, n = 207 chromosomes.
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RNAi; Table S3). In contrast, in IMA-3–depleted embryos, the 
constant of chromosome length reduction to nuclear size was 
significantly different from the control and RCC1-depleted em-
bryos (211 ± 26 nm/µm; Fig. 3, B and C; and Table S3). Surpris-
ingly, at a theoretical nuclear size of 0 µm, chromosome length 
in RCC1-depleted embryos is predicted to be smaller than 
control (Table S3). Altogether our results suggest that deple-
tion of RCC1 enhances compaction of each individual chromo-
some by a fixed magnitude of ∼746 nm (Δ y-intercept between 
control and RCC1 RNAi). Furthermore, the y-axis intercept is 
very similar in IMA-3– and RCC1-depleted embryos; thus, re-
moval of either protein reduced chromosome length to the same 
amount over that limited developmental timescale (Table S3). 
In sum, our results indicate that IMA-3 is required for proper 
chromosome to nuclear size but not nuclear to cell size scaling, 
whereas RCC1 contributes to nuclear to cell size scaling, with 
the final outcome of RCC1 depletion being chromosomes that 
are inappropriately short for a given cell size.

RCC1 RNAi embryos exhibit a global 
increased compaction before mitosis
A hypothesis for decreased chromosome length in RCC1-de-
pleted embryos could be differential condensation dynamics 
in prophase. To test this hypothesis, we used a live-cell fluo-
rescence-based condensation assay to determine the temporal 
dynamics of chromatin compaction (Maddox et al., 2006). Our 
condensation assay revealed that the overall dynamics (shape of 
the curves) of chromatin compaction did not change in relation 
to cell size in control embryos, as noted previously (Fig. S3; 
Hara et al., 2013). However, RCC1-depleted embryos showed 
distinct chromosome compaction dynamics from those ob-
served in IMA-3 or control depletions (Fig. 3, D and E). In fact, 
chromosomes in RCC1-depleted embryos are more compacted 
by this measure at the start of prophase compared with con-
trol or IMA-3 RNAi embryos. These results suggest that either 
prophase (and thus chromosome compaction) takes longer or 
that chromatin is additionally compacted when entering mitosis 

Figure 3.  When uncoupling nuclear to cell size, chromosome length scales to nuclear size. (A) Representative still images from time-lapse movies of nuclei 
from TH32 embryos after RNAi depletion of control, IMA-3, and RCC1 at the 1- to 16-cell stage. (B) Chromosome length correlated to nuclear size in 
control, IMA-3, and RCC1 RNAi. (C) Graph representing the linear regression of nuclear size versus chromosome length. The shadows represent the 95% 
confidence interval. (D) Representative still images from time-lapse movies of TH32 at the 8-cell stage from −320 s to NEBD. (A and D) Bars, 5 µm. (E) 
Kinetic plot of the condensation parameter. Error bars are standard error of the mean. (For more details on the assay, see Materials and methods and refer 
to Maddox et al., 2006.) Control, n = 39; IMA-3 RNAi, n = 45; and RCC1 RNAi, n = 29. Images are 40-s intervals.
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in RCC1-depleted embryos. By measuring centrosome growth 
(using the γ-tubulin–GFP), we confirmed that the time spent 
in prophase/prometaphase (from start of centrosome growth to 
NEBD) was not different in any condition (Table S4). Thus, we 
conclude that chromatin in RCC1-depleted embryos is gener-
ally more compacted before mitosis.

Next, we sought to determine whether this additional 
state of compaction is introduced globally onto the chromatin 
or more locally at specific areas of the genome. To answer this 
question, we made use of the inherent chromosome length vari-
ance; in any individual cell, all chromosomes will not be the 
same length. We compared the variance at each developmental 
stage in control and RCC1 RNAi (Table S5). When we analyzed 
RCC1 RNAi embryos, we observed that the variance remained 
similar to control at all developmental stages (except at the 4-cell 
stage), indicating global rather than local length regulation.

The RAN-GTP gradient contributes to 
nuclear and chromosome size
Our experimental design of reducing nuclear and chromosome 
size through depletion of RCC1 cannot distinguish between a 
direct effect of RCC1 on chromatin (as it is a known chroma-
tin-binding protein [Makde et al., 2010]) or an effect through 
disruption of the Ran-GTP gradient across the nuclear mem-
brane. To discriminate between these two possibilities, we 
depleted other known proteins required to maintain the Ran-
GTP gradient. Ntf-2 (nuclear transport factor-2; RAN-4 in C. 
elegans) is an import factor associated with the nuclear pore 
that binds Ran-GDP and promotes its nuclear import (Ribbeck 
et al., 1998), and it should reduce the nuclear pool of RAN-
GDP available to be exchange to RAN-GTP by RCC1. After 
NTF2 depletion, nuclear size was reduced in a manner indis-
tinguishable from RCC1 depletion (Fig. 4, A and B; and Table 
S3). Partial depletion of NTF2 increases chromosome segrega-
tion defects; therefore, we focused on the 2-cell stage, an early 
time point with fewer accumulated defects and resolvable indi-
vidual chromosomes. At the 2-cell stage, chromosome length 
in NTF2-depleted embryos was not statistically different from 
chromosome length in RCC1-depleted embryos and smaller 
than controls (Fig. 4 C). Hence, we found that partial deple-
tion of NTF2 phenocopied RCC1 depletion, suggesting that the 
RAN-GTP gradient is critical to maintain the cell to nuclear 
size and the cell to chromosome size scaling.

The depletion of RCC1, NTF2, and IMA-3 did not result 
in the same phenotype although they are part of the nuclear traf-
ficking pathway. To evaluate the relative contribution of each 
protein to nuclear import, we measured retention of PIE-1::GFP 
in the nucleoplasm at the 4-cell stage (see Materials and meth-
ods for details). We found that RCC1- and NTF2-depleted em-
bryos have a reduced accumulation of PIE-1::GFP compared 
with control and IMA-3 RNAi (Fig. 4 D). We did not see any 
significant differences in nuclear import of PIE-1::GFP after 
IMA-3 RNAi compared with control. Altogether, these results 
suggest that RCC1 and NTF-2 depletion reduces global protein 
import into the nucleus. We hypothesize that factors required to 
adjust nuclear and chromosome size to cell size fail to import in 
these conditions. In contrast, IMA-3 perhaps imports a specific 
factor required for chromosome to nuclear size scaling.

A chromosome length-scaling model
We have shown a connection between cell, nuclear, and chro-
mosome size regulation in developing early embryos. By 

modifying embryo size, our results suggest that cell size and 
not developmental program regulates mitotic chromosome 
size scaling. Cell size–based control is saturated in very large 
cells present during the first divisions as chromosome length 
reaches a maximum and does not scale, a phenomenon we 
term “plateau.” These results lead us to hypothesize a theoret-
ical inhibitor, X, of chromosome compaction in excess in the 
early embryo. This limiting component model predicts that the 
amount of X is defined by maternal load and restricts chromo-
some compaction early during development (Goehring and 
Hyman, 2012). Its dilution after each round of division results 
in more compacted chromosomes in smaller cells, independent 
of developmental stage. This theory is also supported by ob-
servations made in tetraploid embryos; although they are twice 
the volume of diploid embryos, chromosomes are smaller in the 
first two divisions (Fig. S2). If a developmental program were 
regulating the plateau, it should be observed irrespective of 
ploidy. We hypothesize that diploid animals have an excess of X 
in large cells and the amount of DNA is the limiting component. 
However, when doubling the amount of DNA, the inhibitor is 
no longer in excess but is rather the new limiting component, 
resulting in smaller chromosomes.

Nuclear transport has been proposed to be key for both 
nuclear to cell size scaling and chromosome to cell size scaling 
(Levy and Heald, 2010; Kieserman and Heald, 2011; Edens and 
Levy, 2014; Jevtić and Levy, 2015). In C. elegans, we confirmed 
that disruption of nuclear import/export resulted in smaller than 
expect nuclei and chromosomes. Also, as expected, this is in-
fluenced by the RAN-GTP nuclear to cytoplasm gradient. We 
hypothesize that reducing Ran-GTP correspondingly reduces 
import of inhibitor of compaction in smaller nuclei, decreasing 
chromosome length (Fig. 4 E). This is in contrast to a model 
where chromosome condensation enzymes accumulate in nu-
clei to scale chromosome size.

In conclusion, by using high-resolution time-lapse imag-
ing of living, developing embryos, we determined that mitotic 
chromosomes scale to cell and nuclear size. Our analysis al-
lowed us to propose two mechanisms regulating chromosome 
size scaling. The first mechanism regulates chromosome length 
proportionality to cell and nuclear size through adaptive regula-
tion. The second mechanism reduces chromosome length with 
a fixed magnitude, perhaps through the incorporation of an un-
known epigenetic mark on the chromatin in response to small 
nuclei size. It is unclear how the two mechanisms are regulated 
to form chromosomes of specific length during development. 
In the future, it would be of great interest to determine what 
are the molecular effectors of this change in chromosome com-
paction and the nature and dynamics of epigenetic marks in-
troduced during development.

Materials and methods

Worm growth and RNAi experiments
Worm strains N2 (wild type), TH32 (pie-1::bg-1::GFP + unc-119(+), 
pie-1::GFP::H2B + unc-119(+)), JH2015 (pie-1p::GFP::pie-1 
ORF::pie-1 3′utr + unc-119(+)), or SP346 (tetraploid 4A:4X provided 
by the Caenorhabditis Genetics Center) were grown and maintained at 
20°C using standard procedures. Bacterial strains containing a vector 
expressing dsRNA under the IPTG promoter were obtained from the 
Ahringer library (from J.-C. Labbé’s laboratory, Institute for Research 
in Immunology and Cancer, University of Montreal, Montreal, Que-
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bec, Canada). Targets were confirmed by sequencing. Time of protein 
depletion by bacterial feeding was performed for 24 (low depletion) 
or 48 h (higher depletion).

Live imaging
All live imaging was performed at RT on a Swept Field confocal 
mounted on an inverted TE2000 Eclipse microscope or an A1R confocal 
(Nikon; for chromosome measurement of TH32 expressing H2B::GFP) 
using the Nis-elements or an inverted DeltaVision microscope (GE 
Healthcare; for Pie-1::GFP import and DAPI-stained embryos) using 
SoftWoRx. Time-lapse acquisitions on the Swept Field were executed 
using a 60×/1.4 NA Plan-Apochromat oil immersion objective at 1.5 
magnification and a CoolSNAP HQ2 camera (Photometrics), at 30-s 
interval and at 0.5-µm spacing. Image acquisition on the A1R confocal 
was executed with a 60×, GaASP PMT detector (Nikon) using Nis-ele-
ments. C. elegans embryos were mounted between a 1.5 coverslip and 
a microscope slide in M9 buffer on a 5% agarose pad (vs. 2% agarose) 
and were used to slightly compress the embryo and the chromosomes; 
this ensures that chromosomes are not completely perpendicular to the 
z axis, which elongates chromosomes as a result of the point-spread 

function of the GFP molecules. The coverslip was sealed using Valap 
(1:1:1 lanolin, petroleum jelly, and parafilm wax).

Image processing and measurements
All experiments were repeated at least three times. The number of 
cells analyzed is stated in the figure legends. All graphs represent all 
chromosomes measured in all repeated experiments. TH32 time-lapse 
videos were visualized in 3D/4D using Imaris (Bitplane). Chromosome 
lengths were measured in 3D during the prometaphase of C. elegans 
early embryo mitosis. Measurements were made by visually delimit-
ing chromosomes and assigning 3 points at the extremities and in the 
middle of individual chromosome. We also delimited the height and 
the length of the embryo using the fluorescence background seen in the 
embryo to determine embryo size and cell size. Nuclei size was deter-
mined before NEBD by measuring nuclei diameter.

Analysis
Data were exported in MatLab or Prism (GraphPad Software) for anal-
ysis. Embryo diameter was obtained by modeling an elliptical form to 
the embryo. Because of the irregular shape of cells during development, 

Figure 4.  Ran pathway members regulate chromosome and nuclear size through limited nuclear import. (A) Representative still images from time-lapse 
movies of nuclei from TH32 embryos after RNAi depletion of control, RCC1, and NTF2 at the 2-cell stage. (B) Nuclear volume correlated to cell volume 
(in µm3) in control, RCC1, and NTF2 RNAi embryos. See Table S3 for linear regression information. Control, n = 37; RCC1 RNAi, n = 23; and NTF2 
RNAi, n = 30. (C) Boxplot of chromosome length at the 2-cell stage. The box represents the 25th and 75th percentiles of the distribution. The line in the 
middle of the box is the median. The whiskers are the smallest and largest values of the distribution. (D) Representative still images from time-lapse movies 
of PIE-1::GFP’s nuclear import in P2 cells and mean maximum nuclear import of Pie-1::GFP expressed as a ratio of control’s maximum import. Error bars 
are standard deviation. (A and D) Bars, 5 µm. (E) Chromosome length scaling model based on a differential level of Ran-GTP in small (low concentration) 
versus larger cells (high concentration). The low concentration of Ran-GTP schematic represents either (a) depletion of NTF-2, which prevents nuclear import 
of Ran-GDP, or (b) depletion of the Ran-GEF, which prevents exchange of GDP to GTP on Ran. n.s., not significant; *, P ≤ 0.05.
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we derived the mean cell diameter from embryo diameter (embryo di-
ameter/cell number). Each individual chromosome was correlated to 
cell diameter or nuclei diameter using a linear regression of y = ax + b. 
Evaluating the p-value of the slope being different than 0 determined 
the presence of correlation between two variables. A difference in slope 
or intercept between two datasets was determined by nonoverlapping 
standard error of the slope or the intercept.

We performed Student’s t test to determine the p-value of the null 
hypothesis in between developmental stage of each condition (Table 
S2) when the ANOVA test found statistically significant differences 
(Table S1). The statistical significance of the difference in the variance 
of each developmental stage for control versus rcc1 RNAi was also 
tested using Fisher’s F-test.

Nuclear import of Pie-1::GFP in P2 cells was measured using 
Fiji. For each time point before NEBD, total fluorescent intensity (TFI) 
of a fixed-size area (after max intensity projection) was measured. For 
each time point, the TFI value was express as a ratio over control’s 
maximum intensity. Maximum import was obtained by averaging three 
time points at corresponding maximum import in control. For each con-
dition, this value was plotted in a bar graph when the maximum import 
was reached in control embryos.

The condensation assay was performed as described previously 
(Maddox et al., 2006). Control or RCC1-depleted TH32 worm embryos 
were imaged on a Swept Field confocal. Using MetaMorph software 
(Molecular Devices), on the maximum intensity projection of each di-
viding cell, a square of a given size was placed in the middle of the di-
viding nuclei during the length of the movie (from start of condensation 
to NEBD). The fluorescence intensity distribution of the square at each 
time point is rescaled on a 0–255 gray value scale. The condensation 
parameter represents the number of pixels with fluorescence intensity 
above a threshold for each square (example, threshold of 35% of 255 
gray values is ∼90 gray values). In designing the assay, multiple thresh-
olds were tested and Fig. S3 shows the graphs for thresholds of 35 or 
50%. A modification of the original assay is that for each nuclei size 
a different area (therefore more pixels in larger nuclei) was used to 
capture all of the nuclei values at each nuclei size. We found that this 
modification didn’t change the outcome of the assay.

Online supplemental material
Fig. S1 shows embryo size differences for IMA-1 to -3 RNAi and RCC1 
RNAi, PIE-1::GFP localization at the 4-cell stage, and nuclear to cell 
diameter relation in control, IMA-3, and RCC1 RNAi embryos. Fig. S2 
shows chromosome length regulation in diploid versus tetraploid em-
bryos. Fig. S3 shows the graph for the condensation assay using different 
threshold. Table S1 shows one-way ANOVA comparing developmental 
stage for each RNAi condition or all RNAi conditions at each develop-
mental stage. Table S2 shows Student’s t test statistical significance of 
chromosome length differences comparing all developmental stages for 
each RNAi condition. Table S3 shows correlation between cell size, nu-
clei size, and chromosome length in control and IMA-3–, RCC1-, and 
NTF-2–depleted embryos. Table S4 shows time spent in prophase in con-
trol and RCC1-depleted embryos. Table S5 shows statistical differences 
of chromosome length variance at all different stages between control 
and RCC1-depleted embryos. Online supplemental material is available 
at http://www.jcb.org/cgi/content/full/jcb.201502092/DC1.
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