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Biological membranes, comprised of proteins anchored by their trans-membrane domains (TMDs) creating a semi-perme-
able phase with lipid constituents, serve as ‘checkposts’ for not only intracellular trafficking in eukaryotic cells but also
for material transactions of all living cells with external environments. Hydropathy (or hydrophobicity) plots of ‘bitopic’
proteins (i.e. having single alpha-helical TMDs) are routinely utilized in biochemistry texts for predicting their TMDs.
The number of amino acids (i.e. TMD length) embedded as alpha-helices may serve as indicators of thickness of biolog-
ical membranes in which they reside under assumptions that are universally applied for fixing window sizes for identify-
ing TMDs using hydropathy plots. In this work we explore variations in thickness of different eukaryotic biological
membranes (reflected by TMD lengths of their resident proteins) over evolutionary time scales. Rigorous in silico analy-
ses of over 23,000 non-redundant membrane proteins residing in different subcellular locations from over 200 genomes
of fungi, plants, non-mammalian vertebrates and mammals, reveal that differences in plasma membrane and organellar
TMD lengths have decreased over time (scales) of eukaryotic cellular evolution. While earlier work has indicated
decreasing differences in TMD lengths with increasing ‘perceived’ organismal complexity, this work is the first report on
TMD length variations as a function of evolutionary time of eukaryotic cellular systems. We report that differences in
TMD lengths of bitopic proteins residing in plasma membranes and other intra-cellular locations have decreased with
evolutionary time, suggesting better/more avenues of intracellular trafficking in the emergence of eukaryotic organisms.
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Introduction

Compartmentalization by biological membranes resulting
in formation of membrane-bound organelles is one of the
key signatures of eukaryotic cells. Starting from the
plasma membrane of a eukaryotic cell, different mem-
brane-bound organelles provide localized and segregated
environments/sites for specific cellular reactions. Biologi-
cal membranes serve as specific boundaries with their
constituents (i.e. lipids and proteins) forming localized
‘checkposts’ for transfer of material from one environ-
ment to another within a cell, and, for material transac-
tions with the extra-cellular milieu. Over the last decade,
chemical and structural analyses of lipid constituents of
plasma membranes have provided valuable insights into
not only formation of specific ‘domains’ in biological
membranes (Bansal & Mittal, 2013; Baumgart, Hess, &
Webb, 2003), but also on the origins of whole (prokary-
otic and eukaryotic) cells (Bansal & Mittal, 2015).
Shapes of individual lipids in the hydrophobic-effect dri-
ven assembly of membranes provide different localized
geometrical characteristics (e.g. thickness, curvature) to
biological membranes (Chernomordik & Kozlov, 2003,
2008; Kozlov et al., 2014) resulting in their functional
specificity toward serving as a particular boundary (i.e.

of different organelles or as plasma membranes). These
findings on lipid constituents have obvious implications
for (membrane) proteins residing in specific biological
membranes, especially since their residence is deter-
mined by an anchor in the membrane called the trans-
membrane domain (TMD). Recognizing this, a series of
recent studies (Nikolovski et al., 2012; Sharpe, Stevens,
& Munro, 2010; Singh & Mittal, 2016) have reported
that TMD lengths of membrane proteins residing in dif-
ferent subcellular locations of eukaryotic cells are differ-
ent, and, more importantly statistically distinguishable. A
fascinating application of this discovery has also been
reported (Singh & Mittal, 2016) by identification of
specific organelles of host cells involved in life cycle of
some viruses based on analyses of TMD lengths
extracted from viral proteomes. Clearly, the discovery of
TMD lengths serving as signatures of their subcellular
locations in eukaryotic cells is of substantial significance
in cell biology, especially in the current era of pro-
teomics – e.g. relatively straightforward computational
analyses of eukaryotic cellular proteomes can assist in
identification of membrane proteins localized to specific
checkposts of intra- and subcellular trafficking based on
identification of putative TMD segments and their
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respective lengths. In this work, rigorous analyses of
over 23,000 membrane protein sequences from 201
eukaryotic genomes (122, 29, 17, and 33 belonging to
fungi, plants, non-mammalian vertebrates and mammals
respectively) reveal that variations in TMD lengths of
proteins residing in plasma membranes and other orga-
nelles of different groups of eukaryotic organisms have
decreased over evolutionary time (scales) estimated for
the respective organisms.

Methods

Data on TMD lengths for bitopic membrane proteins
was collected as described earlier (Nikolovski et al.,
2012; Sharpe et al., 2010; Singh & Mittal, 2016). The
exact algorithm developed and utilized earlier (Singh &
Mittal, 2016) was implemented for obtaining the final
TMD lengths for further analyses in this work. Briefly:
The first step was to collect primary sequences of bitopic
membrane proteins (=68,281, including orthologs) from
fungi, plants, non-mammalian vertebrates (referred to as
vertebrates only everywhere else in the manuscript) and
mammals. The second step was to orient the primary
sequences of proteins from reference species (Saccha-
romyces cerevisiae for fungi, Arabidopsis thaliana for
plants, Gallus gallus for vertebrates and Homo sapiens
for mammals) from cytosolic to extracellular sides using
the TMHMM server. The third step was to ‘roughly’
identify TMD regions along with their flanking
sequences (on both sides) using hydropathy plots. The
fourth step was to cluster and group sequences with
more than 30% homology using Blastclust – this was
done to remove redundancy and thus possible biases in
further statistical analyses. The fifth and final step was to
precisely identify the edges of TMDs and obtain the
TMD lengths. Implementation of the above algorithm
resulted in a total of 23,105 TMD lengths – fungi
(8782), plants (8330), non-mammalian vertebrates
(2651), and mammals (3342): this data-set is provided in
Table S1 (TMD lengths of proteins with their respective
accession numbers).

Here, it is important to emphasize the importance of
the third, fourth, and fifth steps. While the third step esti-
mates the individual TMD region in primary sequences
(i.e. ‘rough’ TMD regions – TMD lengths are not impor-
tant at this point) with some uncertainty due to possible
differences between data sources, the fourth step specifi-
cally ensures that any possible statistical biases in the
‘rough’ TMD region estimates are avoided by inclusion
of homologous sequences. The fifth step is a key
methodological advancement toward precise identifica-
tion of TMD regions (and hence TMD lengths are calcu-
lated at this point only). The accuracy of this
methodology has already been demonstrated, with
explicit (evaluation and) minimization of uncertainties in

precise determination of TMD regions by direct compar-
isons of the computed results with experimental data
known for different eukaryotic cells including fungi,
plants (Nikolovski et al., 2012; Sharpe et al., 2010;
Singh & Mittal, 2016), and even viral membrane pro-
teins (Singh & Mittal, 2016). Therefore, earlier rigorous
demonstration of the importance of the fifth step allows
for deeper statistical analyses for reaching meaningful
inferences.

At this stage it is important to note that, for this
work Table S1 is considered as ‘raw’ data on TMD
lengths. This ‘raw’ data is arranged according to subcel-
lular location (plasma membrane, TGN/endo/Nucleus,
Golgi, and ER) in the corresponding organism species (it
needs to be noted that as per availability of sequences,
plants have primarily Nucleus sequences in the TGN/
endo/Nucleus category and other groups have primarily
TGN/endo in this category – other three categories are
consistently spread in all groups). Next, one of keys to
analyzing the raw data in Table S1 was to select only
those species for which TMD lengths were available in
all the four subcellular location categories listed above
(i.e. plasma membrane, TGN/endo/Nucleus, Golgi, and
ER). Thus, the species, for which protein sequences were
missing for any of the four subcellular location cate-
gories, were removed from the TMD length data to be
analyzed. This resulted in a marginal reduction of total
number of sequences to 23,018 (from 23,105 initial)
with fungi (8713), plants (8312), vertebrates (2651), and
mammals (3342) having 122, 29, 17, and 33 species,
respectively (Table S2). Now species-wise mean TMD
lengths were calculated for each of the four subcellular
location categories. As an internal computational control,
it was confirmed that distribution of mean TMD lengths
corresponding to subcellular location categories for all
species were quite tight (standard deviations were much
smaller compared to respective means, see Table S2) –
this was in complete agreement with conclusions of the
earlier reports (Nikolovski et al., 2012; Sharpe et al.,
2010; Singh & Mittal, 2016). The next step was to cal-
culate the ‘root mean squared deviation’, i.e. RMSD,
among the TMD lengths. Since it had been already
shown that plasma membrane TMD lengths are similar
for fungi, plants, vertebrates, and mammals (Singh &
Mittal, 2016), RMSD was calculated for each species as
sqrt([∑(PM-Org)2]/3), where ‘PM’ denotes the mean
TMD length of plasma membrane of a particular species,
and, ‘Org’ denotes the mean TMD lengths of ER or
Golgi or TGN/endo or Nucleus for the same species
(since there are ‘3’ categories of ‘Org,’ therefore the
denominator in the formula is 3). Conceptually RMSD
represents the difference of mean organellar TMD
lengths from the mean TMD length of proteins found in
plasma membranes of a given species. Finally, distribu-
tions of RMSD values for all the species (total 201,
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fungi – 122, plants – 29, vertebrates – 17, mammals –
33) were obtained and fit to normal distributions for
obtaining μ and σ values corresponding to each of the
eukaryotic classes (i.e. fungi, plants, vertebrates, and
mammals).

Results

A computational control: variability between organellar
and plasma membrane TMD lengths decreases with
increasing organismal complexity

First we collected TMD lengths, expressed as number of
trans-membrane residues, of proteins associated with
plasma membranes of eukaryotic cells belonging to the
groups of fungi, plants, non-mammalian vertebrates
(referred to as vertebrates only further in the text) and
mammals (see Methods for details). We also collected
TMD lengths of ‘organellar’ proteins associated with
Endoplasmic Reticulum (ER), Golgi, and Trans-Golgi-
Network/endosomal-network, Nucleus in the above
eukaryotic cells. Figure 1(a) shows the TMD lengths of
proteins residing in organellar and plasma membranes of
fungi, plants, vertebrates, and mammals. The first obser-
vation was that TMD lengths of proteins residing in
eukaryotic plasma membranes are similar (p = 0.79 for
single factor ANOVA) – in agreement with previous
observations on plasma membranes based only lipid
compositions (Bansal & Mittal, 2015), possibly due to
common origins of eukaryotic cellular membranes (Ban-
sal & Mittal, 2013). The second observation was that
TMD lengths of organellar proteins are statistically dis-
tinguishable from those of plasma membranes for
eukaryotic cells belonging to fungi, plants, vertebrates,
and mammals (see Figure 1(a) and Table 1) – again in
agreement with earlier reports (Nikolovski et al., 2012;
Sharpe et al., 2010; Singh & Mittal, 2016). The next step
was to explore actual nature of the distinctions between
organellar and plasma membrane TMD lengths. To do
so, we had to first devise a parameter that reflected varia-
tion between organellar and plasma membrane TMD
lengths. Thus, we first calculated the ‘root mean square
deviation’ (RMSD) of organellar TMD lengths from
those of plasma membranes for all those species of
eukaryotic cells for which we had complete data-sets
(i.e. TMD lengths of membrane proteins associated with
all the organelles and plasma membranes). Conceptually
RMSD represents the difference of mean organellar
TMD lengths from the mean TMD length of proteins
found in plasma membranes of a given species – the les-
ser the difference, the smaller would be the value of
RMSD.

Figure 1(b) shows the RMSD distributions obtained
for fungi, plants, vertebrates, and mammals. Here it is
important to emphasize that ordering ‘fungi-plants-verte-
brates-mammals’ is as per the evolutionary appearance

of these groups of eukaryotes (Heckman et al., 2001;
Hedges, Blair, Venturi, & Shoe, 2004; Hedges, Marin,
Suleski, Paymer, & Kumar, 2015; James et al., 2006;
Simon, Bousquet, Lévesque, & Lalonde, 1993) and the
perceived cellular complexity. Clearly, as we move from
fungi to mammals, the RMSD distributions shift left and
also appear to become narrower. This indicates that
TMD lengths, reflecting of thickness of their respective
biological membranes in particular, become less variable
within the cells with increasing cellular complexity.
Figure 1(c) illustrates these findings very explicitly –
both mean RMSD and standard deviation of RMSD dis-
tributions decrease as we move from fungi to mammals.
Further, the distributions are statistically very significant
(p << 0.05) as shown in Table 2, except for the similar-
ity in plants and vertebrates. Interestingly enough,
eukaryotic life forms of terrestrial plants and vertebrates
are thought to have appeared quite close to each other in
the time tree of life (Hedges et al., 2015). In fact, two
very appealing hypotheses emerged from the above
results – (a) from Table 2, it appears that pair-wise
differences in RMSD distributions for TMD lengths for
eukaryotic groups directly reflect the corresponding pair-
wise distance in the Tree of life in terms of evolutionary
time scales and cellular complexity, and, (b) from
Figure 1(c), there appears to be a directionality to evolu-
tion of eukaryotic cells from fungi to mammals toward
‘homogenization’ of the cellular milieu in terms of TMD
lengths and hence (at least the thickness of) subcellular
membranes. Most importantly, both the above hypothe-
ses were testable from our data.

Variations in TMD lengths are highly correlated with
evolutionary time scales

We noted that p-value from a t-test between any two
data-sets reflects the probability of both the data-sets
belonging to the same population. Simply stated, smaller
p-value indicates lower probability of two data-sets being
similar, i.e. smallest p-value indicates the largest differ-
ence in two data-sets. Therefore, the next step toward
testing the first hypothesis (stated above) was to plot the
p-values (from Table 2) for each pair of organisms in
ascending order. Figure 2(a) shows that the p-value
between fungi and mammals is the smallest (indicating
greatest difference). The next pair is fungi and verte-
brates, i.e. the difference between fungi and vertebrates
is smaller than that between fungi and mammals. Simi-
larly, difference in plants and mammals is more than the
difference between fungi and plants. Interestingly, verte-
brates and mammals appear to have more difference than
plants and vertebrates. Based on these observations
between pairs of eukaryotic groups, we then plotted each
of the p-values to the corresponding approximate time
difference in evolution of each of the respective pairs
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(inset, Figure 2(a)). To our striking (and pleasant) sur-
prise, p-values for pairs are highly correlated with the
difference in time of evolution of the respective pairs
(see inset, Figure 2(a)). This was a very interesting result
– differences in TMD lengths (which almost directly rep-
resent thickness of biological membranes in which the
corresponding membrane proteins reside) were providing
a direct measure of the evolutionary time differences in
different eukaryotic groups.

Encouraged by the above result, we then proceeded
to test the second hypothesis. To do so, we plotted the
mean RMSD values (marked in Figure 1(b) by arrows
and shown in Figure 1(c)) as a function of the absolute
time of evolution for the corresponding eukaryotic group
(Figure 2(b)). Once again, regardless of whether we plot-
ted the mode RMSD values of the eukaryotic groups as
whole (gray symbols, shown as gray bars in Figure 1(c))
or we plotted the mean RMSD values (black symbols,
obtained by considering individual species within each
of the eukaryotic groups), the RMSD values show a
remarkable correlation with the absolute evolutionary
time scales for fungi, plants, vertebrates, and mammals.
In fact, from Figure 2(b) the directionality of evolution
toward cellular complexity, indicated by our earlier
results, is demonstrated quite convincingly – even allow-
ing the possibility of a prediction. The equations for

Figure 1. Transmembrane domain (TMD) lengths show
decreasing variability with increasing cellular complexity. (a)
TMD lengths, in terms of number of residues, for proteins
residing in plasma membranes (black) and organellar mem-
branes – TGN/endo/Nucleus (dark gray), ER (light gray) and
Golgi (Empty), for eukaryotic cells belonging to fungi (F,
n = 122), plants (P, n = 29), vertebrates (non-mammalian, V,
n = 17) and mammals (M, n = 33). Data is shown as mean ±
standard deviation. (b) Scaled Probability Density Function
(pdf – normal distributions, scaled from 0 to 1 for visual clar-
ity) of root mean square deviation (RMSD) of mean organellar
TMD lengths from the mean TMD length of proteins found in
plasma membranes of different eukaryotic species belonging to
the groups of fungi (dotted curve, mean shown by dotted
arrow), plants (dashed curve, mean shown by dashed arrow),
vertebrates (non-mammalian only, gray curve, mean shown by
gray arrow) and mammals (solid curve, mean shown by solid
arrow). The RMSD data for each of the eukaryotic classes was
fit to normal distributions and the pdf was normalized from 0
to 1 (peak frequency = 1.0) for visual clarity. (c) Mean RMSD
corresponding to actual RMSD data (solid black bars) and fit-
ted distributions (empty bars) are shown for fungi (F,
n = 8713), plants (P, n = 8312), vertebrates (V, n = 2651) and
mammals (M, n = 3342). The inset shows standard deviations
(error bars in the main figure) of the actual RMSD data and the
fitted distributions. As a computational control, earlier pub-
lished data (from Figure 3(E) Singh & Mittal, 2016) on mode
of RMSD between organellar and plasma membrane TMD
lengths of the four eukaryotic groups as whole (i.e. without
considering individual species data) is also shown (gray bars).

3
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regression lines (shown in legend to Figure 2(b)) predict
that mean RMSD would become ‘zero’ at an absolute
evolutionary time of 500 million years from now. This
means that if eukaryotic evolution remains on course
(i.e. maintains its directionality), then eukaryotic cells
with no differences in (at least the thickness of) biologi-
cal membranes (plasma membranes and compartments
within) will emerge within next 500 million years. How-
ever, in presence of substantial evidence that evolution-
ary paths are not linear (rather random), this prediction,
while apparently ‘entertaining,’ is highly unlikely
because of the persistence of differences in TMD lengths
and other conserved features in TMD compositions over
the span of evolution.

Discussion

The first major finding emerging from this work is that
TMD lengths in eukaryotic cellular systems are

correlated with evolutionary time scales – an interesting
feature at a cellular level emerging randomly from natu-
ral selection. Rigorous analyses of TMD lengths show
that eukaryotic cells have evolved toward subcellular
membrane environments becoming more uniform (at
least in terms of bilayer thickness), thereby allowing
higher number of intracellular trafficking operations and
resulting in more cellular complexity. However, this
apparent ‘uniformity’ is obviously constrained by the
persistence of differences in TMDs of membrane pro-
teins in different eukaryotic cells.

Here it becomes pertinent to discuss the assumptions
toward TMD lengths representing thickness of biological
membranes in which the TMDs reside. The first assump-
tion is somewhat uniform orientation of TMDs (i.e. all
TMD helices are positioned either normal to the mem-
branes or are inclined in somewhat similar angles inside
membranes) in all eukaryotic cells. It is very important
to note that application of this simplified assumption is

Table 1. p-values obtained from two-tailed heteroscedastic t-tests between TMD lengths of proteins residing in organellar and
plasma membranes for fungi (F), plants (P), vertebrates (V), and mammals (M) – data is shown in Figure 1(a).

F (n = 122) PM ER Golgi TGN/endo/Nucleus

PM – 2.90 × 10−06 2.40 × 10−21 9.50 × 10−03

ER 2.90 × 10−06 – 7.94 × 10−30 2.10 × 10−03

Golgi 2.40 × 10−21 7.94 × 10−30 – 5.80 × 10−29

TGN/endo/Nucleus 9.50 × 10−03 2.10 × 10−03 5.80 × 10−29 –

P (n = 29)
PM – 9.44 × 10−09 9.35 × 10−04 6.63 × 10−20

ER 9.44 × 10−09 – 1.25 × 10−04 1.36 × 10−14

Golgi 9.35 × 10−04 1.25 × 10−04 – 4.04 × 10−18

TGN/endo/Nucleus 6.63 × 10−20 1.36 × 10−14 4.04 × 10−18 –

V (n = 17)
PM – 1.26 × 10−02 5.42 × 10−16 2.38 × 10−01

ER 1.26 × 10−02 – 2.38 × 10−06 3.57 × 10−03

Golgi 5.42 × 10−16 2.38 × 10−06 – 8.61 × 10−11

TGN/endo/Nucleus 2.38 × 10−01 3.57 × 10−03 8.61 × 10−11 –

M (n = 33)
PM – 6.90 × 10−03 4.23 × 10−13 2.36 × 10−02

ER 6.90 × 10−03 – 2.94 × 10−07 1.28 × 10−04

Golgi 4.23 × 10−13 2.94 × 10−07 – 2.85 × 10−13

TGN/endo/Nucleus 2.36 × 10−02 1.28 × 10−04 2.85 × 10−13 –

Note: Number of species for each group is given in parentheses.

Table 2. p-values obtained from two-tailed heteroscedastic t-tests between RMSD data for fungi, plants, vertebrates and mammals
(shown in Figure 1(c); raw data is provided in the last column of Supplementary Table S2).

p – values Fungi (122) Plants (29) Vertebrates (17) Mammals (33)

Fungi (122) – 6.47 × 10−4 7.59 × 10−6 7.71 × 10−10

Plants (29) 6.47 × 10−4 – 1.07 × 10−1 1.02 × 10−4

Vertebrates (17) 7.59 × 10−6 1.07 × 10−1 – 3.36 × 10−2

Mammals (33) 7.71 × 10−10 1.02 × 10−4 3.36 × 10−2 –

Note: Number of species for each group is given in parentheses.
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universal in current text books, research literature and all
available computational tools in form of fixing window
sizes for identifying TMDs using hydropathy plots. The
second assumption is that overall ‘height’ of TMDs of
bitopic proteins which may oligomerize (and also may
undergo conformational transitions in their TMD
regions) are also somewhat uniform in all eukaryotic
cells. The third assumption is that in spite of lateral
heterogeneities known in biological membranes (espe-
cially plasma membranes) the ‘overall’ or ‘average’
thickness of membranes of different sub-cellular environ-
ments is different. This assumption arises from several
important experimental studies (several are cited clearly
in Sharpe et al., 2010) that establish differences in mem-
brane thickness of intracellular organelles and plasma
membranes. In fact, it has been experimentally noted that
outer monolayers of plasma membranes lead to lateral
heterogeneities (this also results in membrane asymme-
try) due to compositional differences. These lateral
heterogeneities are observed at different scales (e.g.
nano-domains or sometimes even micro-domains), while
the ‘overall’ thickness of the plasma membranes appear
uniform. However, regardless of the extent of applicabil-
ity of these assumptions, the key finding of TMD lengths
in eukaryotic cellular systems being correlated with evo-
lutionary time scales certainly appears to be an important
discovery and independent of interpretational biases.

A leap from understanding evolution of biological
cells to emergence of human civilizations: The
‘ECONOMIBS’ hypothesis

An interesting (perhaps anecdotal) finding that emerges
from this work is that reducing differences in TMD
lengths, indicating reducing differences in thickness of
subcellular membranes of eukaryotes, in terms decreas-
ing differences in TMD lengths being correlated to evo-
lutionary time scales, appears to be directly reflective of
development and advances in human civilization (Harari,
2011). Variations in cellular ‘checkposts’/boundaries in
the tree of life over billions of years appear to directly
reflect variations in social checkposts in establishment of
human dwellings over thousands of years of civilization.
Stated more explicitly, social evolution of human civi-
lization (in some thousands of years), with decreasing
differences in ‘checkposts’ and boundaries of societies
directly reflects the biological evolution of eukaryotic
cells (in a billion years) with decreasing differences in
‘checkposts’ and boundaries within the cellular milieu.

Figure 2. Variations in TMD lengths correlate very strongly
with evolutionary time scales of increasing cellular complexity
and may predict the next steps in eukaryotic evolution. (a) Log
(to the base 10) of ‘p’ values (shown in Table 2) corresponding
to two-tailed heteroscedastic t-tests between the RMSD data for
fungi (F), plants (P), vertebrates (V), and mammals (M). p-val-
ues, indicating differences between pairs (e.g. fungi and mam-
mals shown by F-M) among the four eukaryotic groups, were
arranged in ascending order and plotted (solid bars). Pairs with
smallest p-values (indicating highest differences) have the lar-
gest differences in evolutionary time scales (Time in Million
Years – TMY). The inset confirms this trend – p-values between
each of the two groups of organisms correlate very strongly
(high R and r2 values) with the corresponding difference in
evolutionary time scales (ΔTMY). The regression line for the
inset has the equation Log(p) = –12.964Log(ΔTMY) + 28.919.
(b) Mean RMSD values corresponding to actual RMSD data
(black, corresponding to black bars in Figure 1(c)) and whole
RMSD values (gray, corresponding to gray bars in Figure 1(c))
correlate very strongly with absolute evolutionary times (TMY

has negative values indicating million years ago) of each
eukaryotic group. The regression line for the former has the
equation RMSD = –0.0028TMY + 1.4118 and for the latter has
the equation RMSD = –0.0035TMY + 1.7581.

3
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Thus, it may be possible to extrapolate a plethora of
other variables/factors observed from biological evolu-
tion for developing sustainable societies that survive and
evolve. For example, the energetic constraints limiting
the size of prokaryotic cells (energetic transactions take
place on the cellular surface – hence any increase in size,
requiring a volumetric/cubic increase, is limited by sur-
face area increase) are mirrored by resource constraints
limiting size of initial dwellings in human civilization.
Subsequent developing compartmentalization in eurkary-
otic cells is mirrored by subsequent formation of special-
ized units in evolving societies. Similar other parallels
between cellular evolution and human civilization can
also be drawn. Of course, a detailed and meticulous anal-
yses toward listing parameters that have emerged out
biological evolution (e.g. optimized packaging of func-
tional protein structures, high thermodynamic efficiencies
of biological molecular motors due to close coupling of
reactions, spatio-temporal coordination within and
between cells to minimize losses with in-built redundan-
cies to maximize chances of survival etc.), and may be
applicable toward social evolution, would be required.
For this, we propose a new field of study called ‘ECON-
OMIBS’ – Evolution of Civilization based On the Origin
of Molecular Insights on Biological Self-assembly. We
hope that just as ‘economics’ has emerged as a key field
in understanding development of materialistic transac-
tions for societies in general, ‘economibs’ will emerge as
a key field in learning about the development and estab-
lishment of sustainable societies in the face of environ-
mental challenges and changes – mimicking the
survivability observed in eukaryotic cellular evolution
over a billion years.
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