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confirming that their resources 
cannot be recycled.

Supplemental Information
Supplemental Information including experi-
mental procedures, a figure and a table can 
be found with this article online at  
http://dx.doi.org/10.1016/j.cub.2012.064.038.
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Motility is a common property 
of animal cells. Cell motility is 
required for embryogenesis [1], 
tissue morphogenesis [2] and the 
immune response [3] but is also 
involved in disease processes, such 
as metastasis of cancer cells [4]. 
Analysis of cell migration in native 
tissue in vivo has yet to be fully 
explored, but motility can be relatively 
easily studied in vitro in isolated 
cells. Recent evidence suggests that 
cells plated in vitro on thin lines of 
adhesive proteins printed onto culture 
dishes can recapitulate many features 
of in vivo migration on collagen 
fibers [5,6]. However, even with 
controlled in vitro measurements, 
the characteristics of motility are 
diverse and are dependent on the 
cell type, origin and external cues. 
One objective of the first World Cell 
Race was to perform a large-scale 
comparison of motility across many 
different adherent cell types under 
standardized conditions. To achieve 
a diverse selection, we enlisted 
the help of many international 
laboratories, who submitted cells for 
analysis. The large-scale analysis, 
made feasible by this competition-
oriented collaboration, demonstrated 
that higher cell speed correlates with 
the persistence of movement in the 
same direction irrespective of cell 
origin.

The race track consisted of 4 mm- 
and 12 mm-wide fibronectin lines 
printed in multi-well glass-bottomed 
cell-culture wells (see Supplemental 
Experimental Procedures and 
Figure S1A in the Supplemental 
Information available online); 54 
different cell types from various 
animals and tissues were provided 
by 47 laboratories. Genotypically, 
cells were wild type, transformed or 
genetically engineered (Table S1). 
The cells were distributed to six 
organizing laboratories (two in the 
USA, and one each in the UK, France, 
Germany and Singapore), who 
prepared cell-culture stocks using 
the frozen samples received from 
participating laboratories and plated 
these onto the race tracks under 
identical culture conditions. Cells 
were allowed to adhere overnight 
and cell motility was recorded for 
24 hours using an inverted video 
microscope (Figure 1B, Movie S1). 
Cell morphology (length, shape, 
symmetry, and nucleus position) 
varied greatly from one cell type 
to another (Figure 1A). Cell nuclei 
were stained by incubating live 
cells with 5 ng/ml Hoechst dye 
diluted in normal growth medium. 
Cell displacements were monitored 
every 10 minutes. Nuclei images 
were segmented and geometric 
centers were tracked with a global 
minimization algorithm in order to 
track automatically individual cell 
displacements (see Supplemental 
Experimental Procedures and Figure 
S1B). The motility of over 7,000 cells 
was compared, with an average of 
130 cells analyzed per cell type. 
Detailed statistical analyses were 
used to characterize cell motility 
parameters for each cell type (see 
http://www.worldcellrace.com/
ResultFiles).

The mean instantaneous speed 
of individual cells is computed by 
averaging the cell displacements 
between consecutive frames over 
time. The distribution of mean 
instantaneous speeds for each cell 
type was asymmetric (Figure 1C) 
and non-Gaussian (Figure S1C). 
Interestingly, we observed that a 
higher mean speed for a given cell 
type did not reflect a global shift of 
the speed distribution, but rather the 
spreading of the distribution due to 
the presence of faster moving cells 
(Figure 1C and Figure S1C). In order 
to identify the 2011 World Cell Race 
winner, only cells with an effective 
overall displacement of at least 
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Figure 1. Cell speed and motion persistence on race tracks.
(A) Images illustrating cell shape variability on micropatterned tracks. (B) Kymographs illustrating 
different types of cell motility. Scales bars represent 50  µm. (C) Cell speed distributions repre-
sented with quartile diagrams for all participants. (D) Mean cell speeds plotted versus mean 
persistence . Bars correspond to standard deviation. Pearson correlation coefficient of the linear 
fit is 0.58. All cells analyzed are listed and color coded. (E) Color-coded participating cell types 
list: cell type – organism.source.tissue.tumor. Organisms: human (h), mouse (m), rat (r). Sources: 
embryo (Emb), alveola (Alv), bladder (Blad), bone marrow (BM), breast (Bre), cervix (Cer), colon 
(Col), hippocampus (Hip), kidney (Kid), lymph node (LyNo), muscle (Mus), prostate (Pro), salivary 
glands (SGl), skin. Tissues: epithelial (E), connective (C), muscle (M), nervous (N). Tumors: trans-
formed (Tra), adenocarcinoma (Adc), carcinoma (Car), fibroma (Fib), melanoma (Mel), primary 
(Pri), rhabdomyosarcoma (Rha), sarcoma (Sar), stem cells (SC).
350 mm were considered. This cut-off 
was only reached by 26 of the 54 cell 
types. The highest migration speed 
was recorded at 5.2 mm/min by a 
human embryonic mesenchymal stem 
cell (Movie S2). 

Cell displacements on lines can be 
described by a 1D correlated random 
walk [7], simply derived from the 
2D model, in which cells are more 
likely to move in the direction of the 
immediately preceding movement 
conserving their polarity. This can 
be quantified by a persistence 
probability (p) for a cell to maintain 
its direction of motion and keep 
the same front and rear. For each 
cell type, we measured the number 
of cell steps between two motion 
reversals, i.e. the number of 
consecutive time intervals during 
which cells kept moving in the same 
direction (Figure S1E). To calculate 
p, histograms built from the number 
of cell steps were fitted to the 1D 
correlated random walk theory 
(Figure S1D). A persistence path, 
defined as the ratio of the effective 
maximum displacement to the 
actual trajectory length, was further 
calculated to obtain a macroscopic 
measure of p (Figure S1F). This 
ratio was strongly correlated with 
the persistence probability (Figure 
S1G). Persistence path distributions 
for the 54 cell types were typically 
non-Gaussian (Figure S1H). Strikingly, 
the overall mean speeds for all cell 
types correlated well with their 
mean persistence path (Figure 1D), 
implying that fast-moving cell types 
(mean cell speed >0.7 mm/min) 
displayed high mean persistence 
path (>0.5). Cells moving rapidly, but 
only backwards and forwards, were 
not observed. 

Given the large and diverse 
sample of cell types, this result may 
reveal a conserved mechanism that 
allows the coupling of the machinery 
controlling cell polarity (responsible 
for persistent oriented motion) to 
the one regulating instantaneous 
cell speed. Future experiments 
aimed at unraveling the associated 
molecular mechanisms shall now be 
performed. 

Together, the results generated by 
the first World Cell Race highlight 
how scientific games involving large-
scale experiments can lead to the 
identification of novel and relevant 
biological processes, which may 
otherwise escape observation.

Supplemental Information
Supplemental Information includes experi-
mental procedures, one figure, one table 
and two movies and can be found with this 
article online at http://dx.doi.org/10.1016/
j.cub.2012.07.052.
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We assembled a complete 
chloroplast genome from a coherent 
picoeukaryote population sorted 
from the Gulf Stream Current. The 
sorting step reduced bioinformatic 
complexity to a level where high 
quality de novo sequence assembly 
was possible. The resulting circular 
plastid genome was 91,306 bp, 35% 
G+C and encoded 106 proteins, 
27 tRNAs, an rRNA operon as well 
as other features (Figure S1 in 
Supplemental Information, published 
with this article online). Multiple 
lines of evidence demonstrate 
this genome is from a member 
of the Pelagophyceae, a recently 
discovered phytoplankton class 
[4]. Complete plastid genomes 
are available from two cultured 
Pelagophyceae, the brown-
tide forming Aureococcus 
anophagefferens and Aureoumbra 
lagunensis. Genome organization 
in the uncultured pelagophyte 
was similar to Aureococcus, and 
more divergent from Aureoumbra 
(Figure 1A), consistent with 
evolutionary relationships 
deduced from our 105 plastid-
protein phylogeny (Figure S2). The 
uncultured pelagophyte encoded all 
Aureococcus genes plus one (ycf45) 
of Aureoumbra’s five additional 
proteins. All three Pelagophyceae 
encoded a 267 residue protein with 
multiple predicted transmembrane 
domains not seen in any other 
organisms based on tblastn and 
blastp against the full GenBank 
repository. Comparisons with the 
best-sampled protein-encoding 
pelagophyte plastid gene, rbcL, 
showed the uncultured population 
was most similar to Pelagomonas 
calceolata (99.0% nucleotide identity, 
≤95.2% to other Pelagophyceae). 
The 16S rRNA gene, which is highly 
conserved across genera, had 
100% identity to partial sequences 
available for P. calceolata. The 
uncultured population may therefore 
be P. calceolata, but based on 
extant sampling we call it ‘wild 
Pelagomonas’.

With the plastid genome in hand, 
we addressed the distribution 
and ecological significance of 
this lineage. The complete set of 
coding regions from the chloroplast 
genome was compared with marine 
metagenomic samples using a cutoff 
of 97.0% nucleotide identity. We 
found that the wild Pelagomonas 

Global distribution 
of a wild alga 
revealed 
by targeted 
metagenomics 
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Eukaryotic phytoplankton play 
key roles in atmospheric CO2 
uptake and sequestration in marine 
environments [1,2]. Community shifts 
attributed to climate change have 
already been reported in the Arctic 
ocean, where tiny, photosynthetic 
picoeukaryotes (≤3 µm diameter) 
have increased, while larger taxa 
have decreased [3]. Unfortunately, for 
vast regions of the world’s oceans, 
little is known about distributions of 
different genera and levels of genetic 
variation between ocean basins. 
This lack of baseline information 
makes it impossible to assess the 
impacts of environmental change on 
phytoplankton diversity, and global 
carbon cycling. A major knowledge 
impediment is that these organisms 
are highly diverse, and most remain 
uncultured [2]. Metagenomics avoids 
the culturing step and provides 
insights into genes present in the 
environment without some of the 
biases associated with conventional 
molecular survey methods. However, 
connecting metagenomic sequences 
to the organisms containing them 
is challenging. For many unicellular 
eukaryotes the reference genomes 
needed to make this connection are 
not available. We circumvented this 
problem using at-sea fluorescence 
activated cell sorting (FACS) 
to separate abundant natural 
populations of photosynthetic 
eukaryotes and sequence their 
DNA, generating reference genome 
information while eliminating the need 
for culturing [2]. Here, we present the 
complete chloroplast genome from 
an Atlantic picoeukaryote population 
and discoveries it enabled on the 
evolution, distribution, and potential 
carbon sequestration role of a tiny, 
wild alga.
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