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21 Abstract: The demographic history is a foundation of human evolutionary studies.
22 We developed the fast infinitesimal time coalescent (FitCoal) process, which allows
23 the accurate calculation of the composite likelihood of a site frequency spectrum and
24 provides the precise inference of demographic history. Genomic analysis showed that
25  African populations have passed through a population super bottleneck, a small

26  effective size of approximately 1,280 breeding individuals between 930 and 813

27  thousand years ago. This time interval coincides with a gap in the human fossil record
28 in Africa and possibly marks the origin of the Homo heidelbergensis. Further

29  modelling analysis confirmed the existence of the super bottleneck in non-African

30  populations. Our results provide new insights into human evolution during the

31  Mid-Pleistocene.

32

33

34 One-Sentence Summary: A new method for demographic history inference and a
35  human super bottleneck possibly marking the origin of H. heidelbergensis
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Inferring demographic history from genomic information has played an
important role in population genetics. It uncovers prehistoric evolutionary events and
deepens our understanding about the evolution of human and other species (1-3).
Multiple methods have been developed to infer demographic history with a
predefined demographic model (4-7). These methods require prior knowledge about
the species being investigated and estimation parameters by fitting in summary
statistics such as site frequency spectrum (SFS). In contrast, model-free methods do
not need a predefined model when inferring demography (8-13). As SFS plays an
essential role in demographic inference, many efforts have been attempted to derive

its analytical formula under certain demographic models (14-16).

To precisely infer recent and ancient demography, we developed the fast
infinitesimal time coalescent (FitCoal) process (Fig. 1) that calculates expected
branch length for each SFS type under arbitrary demographic models. It is effective
for a wide range of sample sizes in the calculation of the composite likelihood of a
given SFS (4, 5). To infer the demographic history, FitCoal first maximizes the
likelihood with the constant size model and then increases the number of inference
time intervals and re-maximizes the likelihood until the best model is found. As
inference time intervals are variable to avoid long fixed ancient time intervals, the
precision in the inference of ancient demographic events can be improved. FitCoal
does not need prior information on demography, and its accuracy can be confirmed by

simulation.

With African hominid fossils, the origin of anatomically modern humans has been
determined to be approximately 200 thousand years (kyr) ago (17). Although the
demographic history of humans has been intensively studied (9, 10, 12, 18-21), it is
conceivable that many new insights remain to be explored. Here we used FitCoal to
analyze genomic sequences of the 1000 Genomes Project phase 3 (1000GP) (22) and
the Human Genome Diversity Project—Centre d’Etude du Polymorphisme Humain
panel (HGPD-CEPH) (23). Our results suggest that our ancestors experienced a super

bottleneck and the effective size of our ancestors remained small for a very long
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period of time (~117,000 years). The super bottleneck may represent a major
transition in human evolution, possibly leading to the origin of H. heidelbergensis: the

alleged ancestral species of modern humans (24, 25).

Fast infinitesimal time coalescent process

As determination of expected branch length for each SFS type is essential for
theoretical population genetics and demographic inference (4, 5), we developed the
fast infinitesimal time coalescent (FitCoal) process to accomplish the task (Fig. 1).
For FitCoal analysis, each of millions of time intervals At was set extremely small,
and the population size was assumed to be constant within each infinitesimal time
interval. The probabilities of all states were calculated backward in time. During each
At, the branches were categorized according to their state. For each state, the branch
length was multiplied by its probability and population size and then transformed to
calculate the expected branch length of each SFS type. Because the expected branch
length of a SFS type is equal to the sum of the expected branch length of this type
during each time interval, the latter can be rescaled and tabulated, making the
calculation of the expected branch lengths extremely fast under arbitrary demographic
histories. Hereafter, tabulated FitCoal is referred to as FitCoal for short, unless

otherwise indicated.

FitCoal demographic inference

After the expected branch lengths were obtained, the composite likelihood of the
SFS observed in a sample was calculated (4, 5, 10, 26). As each single nucleotide
polymorphism (SNP) was treated independently, FitCoal did not need phased
haplotype data. When inferring demography, the likelihood was maximized in a wide
range of demographic scenarios. The FitCoal likelihood surface is smooth (Fig. S1),
so it is efficient to maximize the likelihood. FitCoal considered both instantaneous
populations size changes (9-11) and long-term exponential changes of population in

order to generate various demographic scenarios.

Demographic inference on simulated data
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The accuracy of FitCoal was validated by simulation and comparing its
demographic inferences with those of PSMC (9) and stairway plot (10) (Fig. 2). Six
different demographic models, examined in the study by Liu and Fu (10), were
considered by simulating 200 independent data sets under each model. The medians
and 95% confidence intervals of demography were then determined by FitCoal with
the assumption that a generation time is 24 years (10, 27) and the mutation rate is
1.2 x 1078 per site per generation for human populations (10, 28-30).

FitCoal was found to precisely infer demographic histories (Fig. 2), and the
inference accuracy was improved by increasing sample size and length of sequence
(Fig. S2). Our results confirmed that SFS allows precise recovery of the demographic
history (31). In general, the confidence intervals of FitCoal inferred histories were
narrower than those of PSMC and stairway plot, except for those with insufficient
information on ancestral populations (Fig. 2C). The proportion of the most recent
change type inferred from the six different models mentioned above also showed that
FitCoal can distinguish instantaneous and exponential changes (Table S1).

Since a demographic event may affect every SFS type, demographic history can
be inferred using a subset of SFS. Results of simulation confirmed that FitCoal
accurately determined demographic history based on truncated SFSs (Fig. S3, S4),
thus reducing the impact of other factors, such as positive selection (Fig. S5) and

sequencing error, on FitCoal analysis.

Demographic inference of African populations

To infer the demographic histories of African populations, seven African
populations in the 1000GP (22) were analyzed by FitCoal. Only non-coding regions,
defined by GENCODE (32), were used in order to avoid the effect of purifying
selection. To avoid the potential effect of positive selection (33), high-frequency
mutations were excluded from the analysis.

Results showed that all seven African populations passed through a super
bottleneck around 914 (854-1,003) kyr ago and that this bottleneck was relieved
about 793 (772-815) kyr ago (Fig. 3A-C, S6; Table S2). The average effective
population size of African populations during the bottleneck period was determined to
be 1,270 (770-2,030). Although traces of the bottleneck were observed in previous
studies, the bottleneck was ignored because its signatures were too weak to be noticed
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(9, 11, 12, 22, 23). After the bottleneck was relieved, the population size was
increased to 27,080 (25,300-29,180), a 20-fold increase, around 800 kyr ago. This
population size remained relatively constant until the recent expansion.

To avoid the potential effects of low sequencing depth (~ 5x) of non-coding
regions in the 1000GP on the analysis, the autosomal non-coding genomic
polymorphism of HGDP-CEPH data set with high sequencing coverage (~35x) was
used. In total, populations with more than 15 individuals each were examined. Results
showed that the super bottleneck occurred between 1,257 (1,042-1,527) and 859
(856-864) kyr ago in all three African populations in HGDP-CEPH (Fig. 3D-F, S7;
Table S3), and the average population size during the bottleneck period was 1,300
(908-1,670). This number was very similar to that (1,270) estimated from the data of
1000GP.

After the bottleneck was relieved, the population sizes of the two HGDP-CEPH
agriculturalist populations were increased to 27,300 and 27,570 (Fig. 3E, S7; Table
S3), consistent with the 1000GP estimate of 27,280. However, the Biaka, a
hunter-gatherer population, had a larger population size of 35,330, suggesting a deep
divergence between this and other agriculturalist populations (34-36). The Biaka
population was found to have a recent population decline (Fig. 3D, S7), as previously
observed (23). These results suggest that hunter-gatherer populations were widely
spread and decreased when agriculturalist populations were expanded.

To provide a precise inference of the super bottleneck, the results from the two
data sets were combined. After analyzing the inferred time of instantaneous change of
10 populations, the super bottleneck was inferred to last for about 117,000 years, from
930 (854-1,042; s.e.m.: 23.52) to 813 (772-864; s.e.m.: 11.02) kyr ago. The effective
size during the bottleneck period was precisely determined to be 1,280 (767-2,031;
s.e.m.: 131). A loss of 65.85% in current genetic diversity of human populations was

estimated because of the bottleneck.

Demographic inference of non-African populations

No super bottleneck was directly observed in all 19 non-African populations in
1000GP (Fig. 3A-C, S6; Table S4). The ancestral population size of these populations
was determined to be 20,260 (18,850-22,220), similar to that determined in previous
studies (9, 11, 12, 23). The population size started to decline around 368 (175-756)
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164  kyr ago in 1000GP non-African populations, suggesting that African and non-African
165  divergence occurred much earlier than the out-of-Africa migration (9, 11, 12, 19, 22,
166  23). European and South Asian populations were found to have a relatively weaker
167  bottleneck than East Asian populations, and the bottleneck severity was found to

168  correlate with their geographic distance to Africa, consistent with the observed

169  correlation between heterozygosity and geographic distance (21, 37). A weak

170  bottleneck was observed in American populations, probably because of recent

171 admixture (22). All 1000GP non-African populations were found to increase in size
172 recently.

173 The super bottleneck was also not directly detected in all 21 HGDP-CEPH

174  non-African populations (Fig. 3D-F S7; Table S5). The ancestral population size of
175  these populations was determined to be 20,030 (19,060-21,850), very similar to that
176  (20,260) estimated from 1000GP. These populations started to decline 367 (167-628)
177 kyr ago. A positive correlation was also observed between the severity of

178  out-of-Africa bottleneck and their geographic distance to Africa. The Middle East

179  populations had the weakest bottleneck, while the Maya, an American population, had
180  the strongest bottleneck. Similar to 1000GP non-African populations, most

181  HGDP-CEPH non-African populations were found to increase in size recently, except

182  an isolated Kalash population, consistent with previous studies (23, 38).

183
184  Super bottleneck in the early Middle Pleistocene

185 Although a super bottleneck was detected in all 10 African populations, such

186  bottleneck was not directly detected in all 40 non-African populations. To investigate
187  this phenomenon, simulations were performed with three 1000GP demographic

188  models, designated Bottleneck I, 11, and 111 (Fig. 4). Bottleneck | simulated the

189  average inferred demographic history of African populations with the super

190  Dbottleneck, and Bottleneck Il and 111 simulated the demography of non-African

191  populations without and with the super bottleneck. Both Bottleneck I and 11 were

192 inferred correctly as a corresponding bottleneck was found in all simulated data sets
193  (Table S6). However, no super bottleneck was detected in Bottleneck I11 simulations.
194  The super bottleneck was found to cause a population size gap between the true model
195  and inferred demographic history after the bottleneck was relieved, suggesting a

196  hidden effect of the super bottleneck on non-African populations. Simulations were
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197  then extended to HGDP-CEHP populations with Bottleneck models 1V-V1, and

198  similar results were obtained (Fig. S8; Table S7). When simulations were performed
199  on three artificial models (Bottleneck VII-IX) with various demographic parameters,
200 apopulation size gap was still detected (Fig. S9; Table S8). These results suggest a
201  hidden effect of the super bottleneck on non-African populations.

202 The population size gap was found in both 1000GP and HGDP-CEPH data sets
203  (Fig. 3A, D). After the bottleneck was relieved, the average population sizes of

204  non-African populations were determined to be 20,260 and 20,030, respectively,

205  while those of African agriculturalist populations were 27,080 and 27,440,

206  respectively in these two data sets. The observed population size gap was 7,020,

207  probably due to the hidden effect of the super bottleneck on non-African populations.
208 The reasons were then investigated why the super bottleneck had different effects
209  on African and non-African populations. Results showed that non-African populations
210  had the out-of-Africa bottleneck, but African populations lacked such bottleneck.

211 Therefore, the standard coalescent time of non-African populations was larger than
212 that of African populations (Fig. 3C, F). As African populations had more coalescent
213 events occurred during the bottleneck period, the bottleneck was more readily

214  detected. The mathematical proof on this issue was described in the supplemental

215  material.

216
217  Discussion

218 In this study, we develop FitCoal, a novel model-flexible tool for demographic
219  inference. Key characteristic features of FitCoal are that the composite likelihood can
220  be rapidly calculated based on expected branch lengths and that inference time

221 intervals are variable during the demographic inference. Since coalescent events

222 become rare when tracing backward in time, the length of time interval is usually set
223  toincrease progressively (9-12). Although this strategy can capture recent

224  demographic events, it may miss ancient ones. As FitCoal uses variable time intervals,
225 it can give an accurate inference for both recent and ancient demographic events.

226 The most important discovery with FitCoal in this study is that human ancestors
227  passed through a super bottleneck. The ancient population size reduction around 930
228  kyr ago was likely to be driven by the climatic changes at the transition between the

229  Early and Middle Pleistocene (39). During the transition, low-amplitude 41 kyr


https://doi.org/10.1101/2021.05.16.444351
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.16.444351; this version posted June 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

230  obliquity-dominated glacial cycles shifted to quasi-periodic, low frequency 100 kyr
231  periodicity, and climate change became more extreme and unpredictably associated
232 with a longer dry period in Africa and a large faunal turnover in Africa and Eurasia
233 (40). Coinciding with this date, archaic humans referable to African Homo erectus
234 became extinct. Subsequently, from about 900 until 600 kyr ago, there is a gap in the
235  human fossil record in Africa (Fig. S10). Only few fossil specimens have been found
236 in this time span, such as the cranial fragments from Gombore in Ethiopia and the

237 mandibles from Tighenif in Algeria, all of which show features linked to later H.

238 heidelbergensis representatives and represent the evolutionary origin of this species
239  (24). As a matter of fact, our data suggest that the ancestors of modern humans had a
240  very small effective size of approximately 1,280 breeding individuals during the

241 bottleneck period. This number is comparable in the same magnitude in the effective
242 size of mammals threatened by extinction (41).

243 A rapid population recovery was inferred in all 10 African populations with a

244 20-fold population growth during a short time period around 813 kyr ago. The earliest
245  archaeological evidence for human control of fire was found in Israel 790 kyr ago

246 (42). As the control of fire profoundly affected social evolution (43) and brain size
247  (44), it may be associated with the big bang in population size at the end of the super
248  bottleneck.

249 The super bottleneck, which started about one million years ago, might represent
250  aspeciation event at the origin of H. heidelbergensis (24) and should be strongly

251  related to the gap in the fossil record. The questions about where the small ancient
252 population dwelt, and how they survived for such a long time, remain to be

253 investigated. As Neanderthals and Denisovans diverged with modern humans between
254 440 and 270 kyr ago (45, 46), it is conceivable that their ancestors also passed through
255  the super bottleneck. In the future, a more detailed picture of human evolution during
256  the Pleistocene may be revealed because more genomic sequences of present

257  populations and those of archaic hominins as well as more advanced population

258  genomics methods will be available.

259
260
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Fig. 1. lllustration of the fast infinitesimal time coalescent (FitCoal) process. The
left panel shows the backward process in which four lineages coalesce into one after
passing through millions of infinitesimal time intervals. The highlighted area shows
the backward transformation process of different states with tiny probability changes
in an infinitesimal time interval (At). Thick arrows indicate high transformation
probabilities, and thin arrows indicate low transformation probabilities. Each state is
indicated with a rounded rectangle, in which one circle indicates one lineage. The
rounded rectangles with black filled circles are the states with probability 1. The
rounded rectangles with empty circles are the states with probability 0. The
probabilities between 0 and 1 are indicated by grey circles. The middle panel shows
branches of different states. The right panel shows the demographic history of a
population. The width of shadowed area indicate the effective population size, i.e., the
number of breeding individuals (48). It is assumed that the effective population size

remains unchanged within At.
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Fig. 2. Demographic histories estimated by FitCoal, stairway plot, and PSMC
using simulated samples. (A) Constant size model. (B) Instantaneous increase model.
(C) PSMC “standard” model. (D) Exponential growth | model. (E) Exponential
growth Il model. (F) Exponential growth 111 model. These six models are the same as
those of the previous study by Liu and Fu (10). Thin black lines indicate true models.
Thick red lines indicate the medians of FitCoal estimated histories; thin red lines are
2.5 and 97.5 percentiles of FitCoal estimated histories. Green and blue lines indicate
the results of stairway plot and PSMC, respectively, of the previous study (10). The
mutation rate is assumed to be 1.2 x 10™8 per base per generation, and a generation
time is assumed to be 24 years. n is the number of simulated sequences, and L is the

length of simulated sequences.
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Fig. 3. FitCoal estimated histories of human populations using 1000GP and
HGPD-CEPH genomic data sets. (A) Estimated histories of 26 populations in
1000GP. (B) Linear-scaled estimation of histories of 1000GP populations during the
super bottleneck period. (C) Calendar time vs standard coalescent time of estimated
histories of 1000GP populations. (D) Estimated histories of 24 HGPD-CEPH
populations. (E) Linear-scaled estimation of histories of HGPD-CEPH populations
during the super bottleneck period. (F) Calendar time vs standard coalescent time of
estimated histories of HGPD-CEPH populations. Various color lines indicate the
following: red, African populations; yellow, European populations; brown, Middle
East populations; blue, East Asian populations; green, Central or South Asian
populations; and dark sea green, American populations. The mutation rate is assumed
to be 1.2 x 108 per base per generation, and a generation time is assumed to be 24

years.
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426

427  Fig. 4. Verification of the super bottleneck. (A) Bottleneck I model, mimicking the
428  demography of 1000GP African population and its estimated histories. (B)

429  Linear-scaled Bottleneck I model during the super bottleneck period. (C) Bottleneck
430 Il model, mimicking the estimated demography of 1000GP non-African population
431 and its estimated histories. (D) Bottleneck 111 model, mimicking the true demography
432 of 1000GP non-African population and its estimated histories. Thin black lines

433 indicate models. Thick red lines denote the medians of FitCoal estimated histories;
434  thin red lines represent 2.5 and 97.5 percentiles of FitCoal estimated histories. Blue
435  circle indicates the population size gap. The mutation rate is assumed to be

436 1.2 x 10™8 per base per generation, and a generation time is assumed to be 24 years.
437 The number of simulated sequences is 202 in Bottleneck I and 200 in Bottleneck 11
438  and Ill. The length of simulated sequence is 800 Mb.
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