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Background: Membrane intrinsic proteins (MIPs) are the proteins in charge of regulating water transport into
cells. Because of this essential function, the MIP family is ancient, widespread, and highly diverse.
Scope of review: The rapidly accumulating genomic and transcriptomic data from previously poorly known
groups such as unicellular eukaryotes, fungi, green algae, mosses, and non-vertebrate animals are contributing
to expand our view of MIP evolution throughout the diversity of life. Here, by analyzing more than 1700
sequences, we provide an updated and comprehensive phylogeny of MIPs
Major conclusions: The reconstructed phylogeny supports (i) deep orthology of X intrinsic proteins (XIPs; present
from unicellular eukaryotes to plants); (ii) that the origin of small intrinsic proteins (SIPs) traces back to the
common ancestor of all plants; and (iii) the expansion of aquaglyceroporins (GLPs) in Oomycetes, as well as
their loss in vascular plants and in the ancestor of endopterygote insects. Additionally, conserved positions in the

protein, and residues involved in glycerol selectivity are reviewed within a phylogenetic framework. Furthermore,
functional diversification of human and Arabidopsis paralogs are analyzed in an evolutionary genomic context.
General significance: Our results show that while bacteria and archaea generally function with one copy of each a
water channel (aquaporin or AQP) and a GLP, recurrent independent expansions have greatly diversified the
structures and functions of the different members of bothMIP paralog subfamilies throughout eukaryote evolution
(and not only in flowering plants and vertebrates, as previously thought). This article is part of a Special Issue
entitled Aquaporins.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Membrane intrinsic proteins (MIPs), also termed aquaporins, are
ubiquitous channel proteins ofmolecularmass 26–35 kDa that facilitate
the transport of water and small solutes (particularly glycerol but also
urea, ammonia, metalloids, or even carbon dioxide; [1,2] across cell
membranes in all living organisms [3–6]). These proteins are essential
for life and constitute an ancient, abundant, and highly diversified pro-
tein family whose members are recognized by several key conserved
structural features [7,8]. MIPs form tetramers in cell membranes [9],
and each monomer is made of six transmembrane helices that delimit
a pore with two selectivity filters. One is formed by two opposite NPA
(Asn–Pro–Ala) motifs that establish hydrogen bonds with the water
molecule and create an electrostatic repulsion of protons [10,11]. The
other selectivity filter is named ar/R, and it is formed by two aromatic
amino acids and one Arg, which create the narrowest section of the
channel, and are thought to be determinant for substrate specificity [12].
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The great diversity of forms and functions displayed by the different
members of the MIP family can only be fully understood within an
evolutionary framework. Several phylogenies of the whole family and
of different members have been reported [13–20]. The earliest node in
the MIP phylogenetic tree most likely corresponds to the ancient split
of MIPs into two distinct subfamilies: water channels or aquaporins
(AQPs) and glycerol transporters or aquaglyceroporins (GLPs). Up to
five relatively conserved amino acid residues designed P1–P5 [21] dis-
criminate AQPs from GLPs. Of these, P2 (Asp), located after the second
NPA motif, is crucial in increasing the size of the pore to permeate
larger molecules such as glycerol [22]. Bacteria and archaea, generally
retain the ancestral condition of the family and have one AQP and one
GLP that function aswater and glycerol transporters, respectively. How-
ever, in eukaryotesmany gene duplicationshave occurred greatly diver-
sifying protein structures and functions [19]. Best-known examples are
found in vertebrates and floweringplants,where expansions of the fam-
ily are linked in particular to subfunctionalization of the different
paralogs in different tissues. For instance, up to 13 and 35 genes have
been described in human [17] and Arabidopsis [23,24], respectively.
In other cases, diversification is achieved through neofunctionalization,
either after gene duplication, as different analyses have suggested for
intracellular aquaporins [17,25], or through co-option as has been pro-
posed for the glycerol transport in the NOD26-like intrinsic proteins
(NIPs) of plants [26].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbagen.2013.12.001&domain=pdf
http://dx.doi.org/10.1016/j.bbagen.2013.12.001
mailto:rafaz@mncn.csic.es
http://dx.doi.org/10.1016/j.bbagen.2013.12.001
http://www.sciencedirect.com/science/journal/03044165


1469F. Abascal et al. / Biochimica et Biophysica Acta 1840 (2014) 1468–1481
Current sequencing technologies have dramatically expanded the
number of genome projects of non-model organisms [27]. Moreover,
available transcriptomes allow investigating expression profiles of
protein family members in an evolutionary context [28,29]. For MIPs, a
wealth of new sequence, structural, and functional data is accumulating
rapidly, providing an unprecedented rich outlook on the evolution and
diversification of the family (e.g. [14]). As the sequence data of new com-
plete genomes have been released, genetic information on previously
poorly knownMIPs frome.g. non-vertebrate animals, unicellular eukary-
otes, or early-branched plants has become available, being crucial in
deciphering the origins of the differentMIP subfamilies, and determining
to what extent known sequence motifs associated to functional specific-
ity are conserved across living organisms. For instance, the great diversi-
ty of MIP paralogs found in angiosperms such as Arabidopsis, maize, and
rice [30] (with up to five subfamilies: TIPs or tonoplast intrinsic proteins;
PIPs or plasma membrane intrinsic proteins; NIPs or NOD26-like intrin-
sic proteins; SIPs or small basic intrinsic proteins; and XIPs or X intrinsic
proteins), has indeed its roots in themost basal lineages of land plants in-
cluding spike mosses (Selaginella; [14]) and mosses (Physcomitrella;
[15]). These early-branched land plants possess additional MIP sub-
families adding up to a total of six (including also HIPs or hybrid intrinsic
proteins) and seven (including additionally GIPs or GlpF-like intrinsic
proteins) subfamilies for Selaginella and Physcomitrella, respectively
[14,15]. Moreover, paralog diversity could be extended further back in
time in the plant lineage since green algal MIPs can also be grouped
into seven subfamilies, ofwhich PIPs andGIPs are common to land plants
and the rest (namedMIP A–E) are specific of the green algae lineage [13].
Besides gene duplications, events of horizontal gene transfer (HGT) have
also been suggested to be in part responsible for the diversity of MIPs in
plants [13,26,31]. Thus far, the analyses of animal MIPs indicate that
maximum diversity in terms of total number of subfamilies (AQP0 to
12) is achieved in fishes [32] and land vertebrates [19] as a result of
several rounds of whole genome duplication.

Here, we reconstructed phylogenetic relationships within the
MIP family using proteins from genome projects available in public
databases. Our goal was to set an updated phylogenetic framework
onto which interpret structural and functional patterns observed in
MIPs across living organisms in order to understand the evolution of
this protein family and how its extraordinary diversity was generated.

2. Diversity and evolutionary relationships of MIPs

A careful and balanced selection of publicly available genomes
was conducted at UniProt [33] and Ensembl [34]. A total of 1714
MIPs were retrieved using hits with MIPs of Pfam [35] and InterPro
[36] from 175 complete proteomes and the incomplete proteomes of
Equisetales, conifers, and annelids (added to improve lineage represen-
tation). In addition, certain proteins were included a posteriori to im-
prove the representation of XIPs, GIPs and unicellular eukaryote MIPs.
We filtered out proteins that aligned less than 150 amino acids with
the Pfam MIP Hidden Markov Model (HMM), rendering an alignment
of 1613 MIPs. When sequences from the same species were more than
99% identical, only onewas retained, reducing the alignment to 1489 se-
quences. A preliminary phylogenetic analysis using this alignment was
performed to delimit major groups of paralogy within the MIP family
(the alignment and tree are available at http://pc16141.mncn.csic.es/
aqps.html). Further selection of sequences was done based on the pre-
liminary phylogeny aiming to reconstruct a global phylogeny of MIPs
that (1) maximized lineage diversity; (2) avoided overrepresentation
of species from lineages that currently concentrate sequencing efforts
such as e.g. bacteria, flowering plants and mammals; and (3) reduced
when possible the number of long branches. In addition, phylogenies
of the different subfamilies were reconstructed separately. Sequences
were aligned with Mafft v. 7.055 (using the E-INS-i strategy optimized
for alignments with multiple conserved domains and long gaps; [37])
and trimmed using trimAL v.1.3 [38] with a gap threshold of 0.8.
Phylogenetic reconstructionwas performed undermaximum likelihood
using the rapid hill-climbing algorithm as implemented in RAxML
v.7.2.8 [39]. Prottest v.3.0 [40–42] was used to determine best-fit
models for each alignment (see Appendix A). Support for internal
branches was evaluated by non-parametric bootstrapping [43] with
1000 pseudo-replicates.

The global phylogeny of MIPs included 162 selected sequences (a
graphical summary is shown in Fig. 1 and the full phylogeny is shown
in the Appendix A). Since there is no known outgroup to theMIP family,
the root of the phylogenetic tree had to be placed arbitrarily within the
ingroup. We looked for a branch in the tree to place the root that needs
to be highly supported (100% bootstrap), taxonomy congruent, and
long. The only branch that fulfilled the above criteria is the one that
separates GLPs from the rest of the MIPs (hereafter referred as AQPs),
which automatically forms two reciprocally monophyletic groups.
This rooting is further supported by previous phylogenetic analyses
[19], and the fact that the ancestral state in bacteria is the possession
of one GLP and one AQP. Previous phylogenies that were mostly re-
stricted to vertebrates and flowering plants showed good resolution
(e.g., [18,19]). However, reconstructing the present phylogeny proved
more challenging given the heterogeneous rates of substitution
among paralogs and among the numerous lineages, as well as the lack
of enough shared derived alignment positions to unite different homo-
logs. Hence, the general lack of statistical support for many internal
nodes and themisplacement (according to taxonomy) of some lineages
are mostly due to long-branch attraction (LBA) phenomena (Fig. 1).
Nevertheless, several interesting phylogenetic patterns were evident,
confirming and expanding previous knowledge on the evolution of
this gene family. The first and most apparent phylogenetic pattern is
the significant difference in terms of diversification between GLPs and
AQPs. The former are a rather compact group in which paralog subfam-
ily diversification is most obvious in vertebrates, whereas in the latter,
plants and animals experienced successive events of gene duplication
accompanied by extraordinary sequence and functional divergences
that generated the exceptional diversity of subfamilies found in AQPs
(Fig. 1; [19]), and caused some AQPs (e.g., SIPs and AQP11/12) to be
hardly recognizable as members of the MIP family. By alternatively
rooting the phylogeny in any of the poorly resolved, short nodes at
the base of the AQP clade (e.g., at SIPs and AQP11/12 or at NIPs), an
alternative, less plausible, view of the evolution of the family could be
hypothesized, in which non-GLPs would be paraphyletic with respect
to GLPs. While the evolutionary scenario preferred here proposes an
increase in complexity of the family during its evolutionary history
through successive gene duplication events and functional divergence
in the two subfamilies (AQPs and GLPs), the latter view would imply
in contrast ancient diversity of MIP families and multiple independent
losses in important groups such as bacteria, archaea, unicellular eukary-
otes, fungi and non-vertebrate animals.

Another interesting pattern is the presence of GLPs in green algae
(Chlorophyta) and mosses (Bryophyta). This is noteworthy, as they are
absent in vascular plants (Tracheophyta) (Fig. 1; [14]). Plant GIPs show
a long branch that is recovered within bacterial GLPs, supporting their
origin from a HGT event from bacteria [31]. The secondary loss of GLPs
in vascular plants might be related to redundancy with NIP function as
glycerol transporter [26] (see below).

Bacteria and archaea generally possess a single AQP copy, and uni-
cellular eukaryotes and fungi show heterogeneous number of genes,
whereas the diversification of AQPs is most outstanding in plants and
animals. The phylogenetic tree shows three major AQP groups that
encompass plants and animals: (1) plant SIPs plus animal AQPs 11
and 12; (2) plant XIPs, HIPs and TIPs plus animal AQP8; and (3) plant
PIPs plus animal AQPs 4, 1, 0, 2, 5 and 6. It is tempting to propose that
these three groupings represent instances of deep orthology, and that
diversity within AQPs could be concentrated in few early gene duplica-
tion events in the ancestor of eukaryotes [18]. However, this possibility
is difficult to prove because (1) support for the corresponding internal
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Fig. 1.General phylogeny ofMIP proteins. Major subfamilies of MIP proteins are shown as collapsed sets of nodes. In this and following tree figures, branches are colored according to the
taxonomy in the accompanying legends. Numbers above nodes indicate bootstrap support from 1000 pseudoreplicates (in percentage) for selected nodes of interest.
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nodes in the phylogenetic tree is minimal; (2) the only one of these
internal nodes grouping animal (only vertebrates) and plant AQPs
that has relatively strong support (SIPs + AQPs 11 and 12) leads to ex-
tremely long branches, and thus the possibility of LBA is very high; and
(3), both the lack of fungi orthologs as sister groups of animals
(Opisthokonta) in two of the three groupings, and the lack of non-
vertebrate orthologs at the base of AQP11 and AQP12 would require
postulating many independent gene losses, which is unlikely. An alter-
native hypothesis to deep orthology for the three above-mentioned
groupings would be that AQPs in plants and animals have independent
origins associated to the need of functional diversification of AQPs in
these complex multicellular organisms, and that analogous functions
in plants and animals may have led through natural selection to the
minimal sequence convergence required to spuriously unite the three
groups in the phylogenetic tree. Becausewe are dealingwith a phyloge-
netic pattern of ancient and short internal nodes leading to relatively
longbranches at the tips, discerningbetweenboth scenarios is challeng-
ing. Exceptionally, XIPs form a monophyletic group that includes
orthologs from unicellular eukaryotes, fungi, and plants, and this could
be in support of deep orthology of XIPs, HIPs, TIPs and AQP8s.

A final, most intriguing evolutionary pattern derived from the
reconstructed phylogeny is the relative position of NIPs. These proteins
are found from mosses to flowering plants (Fig. 1; [44]). NIPs are
multifunctional proteins found in plant nodules with a high glycerol
transport rate, low intrinsic water permeability, and capable of
transporting formamide, urea, ammonia, andmetalloids [16].Moreover,
they show their own distinct ar/R filters [45]. In the reconstructed
phylogeny, they are grouped with low statistical support together
with cyanobacterial and archaeal (NIP-like) proteins as the most basal
lineage within AQPs and separated from other bacterial AQPs (Fig. 1;
[16]). This phylogenetic pattern further supports that plant NIPs could
have been acquired through HGT [26], and may point to the bacterial
groups involved in the event (as per the ar/R filter of the bacterial
NIP-like, glycerol transporting could be already a property of these
bacterial proteins [16] or a function co-opted in plants after HGT).
Alternatively, it could indicate an ancient origin of NIPs that would
trace back to some lineages of bacteria [16], but this hypothesis would
require recurrent losses in all eukaryote lineages but land plants. Finally,
convergent evolution in several residues of some NIP-like bacterial pro-
teins and NIPs cannot be discarded. The ability of NIPs to transport glyc-
erol could explain the loss of GIPs in flowering plants due to functional
redundancy. In this regard, it would be interesting to experimentally
characterize glycerol transport in mosses, which are the only organisms
inwhich GIPs andNIPs coexist [15], aswell as to determine the function
of NIP-like proteins in those bacteria where they coexist with GLPs [16].

Additional phylogenies were separately reconstructed for bacteria
and archaea (Fig. 2), unicellular eukaryotes (Fig. 3A), fungi (Fig. 3B),
and animals (Fig. 4). Given the high diversity ofMIPs in plants, indepen-
dent phylogenies for PIPs, TIPs, SIPs (Fig. 5) and NIPs (Fig. 6) were also
reconstructed. These phylogenieswere based on larger taxon samplings
compared to the general phylogeny (Fig. 1), allowing a zooming in
into each of the analyzed groups. Moreover, since they were focused
on subsets of the global phylogeny of MIPs, they were based on more
phylogenetically informative alignment positions thus providing further
support to the different internal nodes, and allowingmore robust conclu-
sions regarding internal phylogenetic relationships.

2.1. Bacterial and archaeal MIPs

In the phylogeny of bacterial and archaeal MIPs, there was no
resolution further than clearly separating GLPs from AQPs (Fig. 2).
Within each paralog group, the phylogeny of bacteria and archaea at
the phylum level was not recovered, which could be due to either lack
of enough shared derived positions to reconstruct the corresponding



Fig. 2. Phylogeny of bacterial and archaeal MIP proteins.
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nodes or the presence of HGT phenomena. The distribution in
number of copies of GLPs and AQPs in bacteria is rather heterogeneous
(see Appendix A). This distribution does not correlate with the bacterial
phylogeny (Fig. 2) but it is likely associated to different lifestyles.
Some genera have one copy of each paralog such as Escherichia, Shigella,
Pseudomonas, Vibrio, Burkholderia, or Bacillus. Many seem to have
only GLPs such as Staphylococcus, Listeria, Clostridium, Salmonella,
Yersinia or Borrelia. On the opposite side are nitrogen-fixing bacteria
(Alphaproteobacteria: Rhizobiales) such as Rhizobium, Agrobacterium,
Nitrobacter, Sinorhizobium or Methylobacterium that have only AQPs. It
is noteworthy that many intracellular bacteria such as Rickettsia,
Coxiella, Bartonella, Wolbachia, Ehrlichia or Chlamydia have no MIPs,
likely lost during the host-pathogen co-evolution process. In addition,
Thermotoga, Aquifex or Thermus do not have MIPs, which might be
related to their thermophilic lifestyle. Thus far, we have not found any
Archaea that has both GLPs and AQPs concurrently. Methane-producing
archaea such as Methanococcus, Methanothermobacter, Methanosarcina
orMethanobrevibacter have only AQPs. However, these AQPs are reported
to have special properties being able to also transport glycerol [46].
Few GLPs were found in Archaea, all of them within Halobacteria. Most
Archaea do not have any MIP including Thermococcus, Pyrococcus,
Thermoplasma or Pyrobaculum, which are thermophilic.

2.2. Unicellular eukaryote and fungal MIPs

Unicellular eukaryotes (traditionally classified as “protists”, but
currently known to be paraphyletic; Fig. 3A) and fungi (Fig. 3B) follow
a similar pattern with a clear division between GLPs and AQPs (that
include XIP orthologs), and a heterogeneous distribution in the number
of copies of each paralog in the different genera. Until recently, the evo-
lutionary history of unicellular eukaryoteMIPswas the least known due
to the paucity of available data [19]. Although, our genomic data set is
still far from complete in terms of lineage representation, a clear pattern
of MIP expansions is evident within some of themajor groups analyzed
(Amoebozoa, Heterokonta, Euglenozoa, Choanoflagellida, Alveolata)
(Fig. 3A). While some genera such as Naegleria (Heterolobosea) and
Capsaspora (Filasterea) have few paralogs, others experienced spectac-
ular bursts of gene duplications, being the best examples Paramecium
(Alveolata), Phytophthora (Heterokonta; Oomycetes), and Leishmania
and Trypanosoma (Euglenozoa). Interestingly, in Paramecium and
Leishmania the bulk of the expansion occurs in the AQPs whereas in
Phytophthora and other Oomycetes (Heterokonta) it occurs in the
GLPs. An interesting distribution pattern is found within Trypanosoma
(Euglenozoa) with the different species having either AQPs or GLPs
but not both (see Appendix A). This pattern is not observed in the
closely related Leishmania, indicating that relatively recent gene losses
occurred in the different Trypanosoma species. Neither Heterolobosea
nor Amoebozoa have GLPs, but the number of species sequenced
for Heterolobosea (thus far only one) is insufficient to draw a firm
conclusion in this respect. On the other hand, analyzed Oomycetes
(Phytophthora, Hyaloperonospora and Pythium) have several GLPs
but no AQP, contrasting to other heterokont phyla including
Bacillariophyceae (diatoms), Phaeophyceae (brown algae) and
Pelagophyceae, which experienced less duplications but have both
AQPs and GLPs. This pattern found within Heterokonta may reveal
an evolutionary relationship between the loss of AQPs and consequent
GLPs expansion or vice versa. Interestingly, the species Tetrahymena
thermophila (Alveolata), which lives at high temperatures, has neither
AQP nor GLP, as happens in termophilic bacteria (see Appendix A).
MIPs are also absent from Giardia intestinalis (Fornicata; not included
in the phylogenetic tree).

In fungi, classical AQPs and GLPs are evenly distributed across phyla.
The analyzed species posses between none and six copies of each AQPs
and GLPs, and always have at least one of the two (see Appendix A).
Fungal XIP orthologs [47] are recovered as sister group to the remaining
AQPs (Fig. 3B; [48]) whereas classic AQPs fail to group together in
unicellular eukaryotes and the relative phylogenetic position of XIPs
remains unresolved in this group (Fig. 3A). All analyzed fungal phyla
(Basidiomycota, Ascomycota, Microsporidia and Chytridiomycota)
have representatives of XIPs, but only few species within each phylum
actually have XIP orthologs. In contrast, unicellular eukaryote XIPs are
concentrated in the order Dictyosteliida (Amoebozoa).

2.3. Animal MIPs

Within animals, GLP and AQP phylogenies were reconstructed sepa-
rately (Fig. 4). Expansion of GLPs into paralog groups is widespread in
all major lineages but most apparent in vertebrates due to the larger
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Fig. 3. Phylogeny of MIP proteins in unicellular eukaryotes (A) and Fungi (B).
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taxon sampling [18,19]. For instance, in nematodes, up to five different
paralog groups could be recognized but due to the lower sampling effort
centered exclusively on Rhabditida, it is not possible to trace precisely
their origins within the phylum at the moment. An interesting pattern
is found within arthropods: GLPs are found in Quelicerata (Ixodes),
Branchiopoda (Daphnia), and in Anoplura (Pediculus) within Insecta.
However, they are missing in other Insecta such as Hymenoptera (Apis,
Atta), Lepidoptera (Bombyx), Diptera (Drosophila, Aedes, Anopheles), and
Coleoptera (Tribolium), indicating the loss of GLPs in the ancestor of
endopterygote insects. The diversity of GLP paralogs (AQP3, 7, 9 and 10)
within vertebrates could be associated mostly to the rounds of whole ge-
nome duplication experienced by this group early on its evolutionary
history.

Animal AQPs can be divided into three major groups (Fig. 4). The
first group includes classical AQP4, 1, 0, 5, 6 and 2, which are found in
vertebrates, and are likely the result of whole genome duplications at
early stages of their evolutionary history, together with more recent
tandem gene duplication events involving AQP2, 5 and 6 as deduced
from their close localization in the chromosome. Non-vertebrate AQPs
are recovered at the base of a clade including the above-mentioned
vertebrate AQP paralogs. A second group includes AQP8 orthologs,
which are found from nematodes to mammals. Yet, it cannot be
discarded that both the groups of arthropod AQPs branching off after
and the cnidarian AQP branching off before the AQP8s in the phylogeny
could actually belong to the same group of orthology. The most basal
group in the phylogeny of animal AQPs corresponds to AQP11 and
AQP12, which are only found in ray-finned fishes and sarcopterygians
(Fig. 4). Therefore, it is likely that these paralogs arose as a result of
one of the whole genome duplications experienced by vertebrates.
Both AQP11 and 12 are intracellular AQPs that have diverged largely
in sequence and function [17,25], what is reflected in their extremely
long branches and explains their basal position in the phylogeny (i.e., a
LBA artifact).

2.4. Plant MIPs

MIPs are most diverse in plants (Figs. 5 and 6; [4,14]). There are five
paralog groups in seed plants (PIPs, TIPs, NIPs, SIPs, and XIPs), onemore
in spike mosses (HIP) [14] and two more in mosses (HIP and GIP) [15].
The actual number of paralogs in ferns is unknown, although here we
show that Equisetum has at least PIPs, TIPs, and NIPs (see Appendix A).
Green algae have five subfamilies (MIP A–E) not found in any other
plant lineage, and two subfamilies (PIPs and GIPs) that might have
been acquired throughHGT [13]. PIPs can be subdivided into two highly
conserved paralog groups, PIP1 and PIP2 (Fig. 5A), which can be traced
back to mosses, suggesting that they were already present in the
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Fig. 4. Phylogeny of animal GLPs (A) and AQPs (B).
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ancestor of Embryophyta [15]. Within each of these two main paralog
groups, there have been family-specific expansions, as exemplified by
grasses (Poaceae), crucifers (Brassicaceae) or legumes (Fabaceae).

In TIPs, up to five groups of paralogy can be distinguished in seed
plants (Spermatophyta) based on the phylogenetic tree (Fig. 5B): TIP1
to 5. TIP1 and 3 and TIP2 and 5 are sister groups, respectively. Each of
these groups shows internal family-specific gene duplications. Indepen-
dent expansions of TIPs occurred both in Selaginella (Lycopodiophyta)
and Physcomitrella (Bryophyta). XIPs and HIPs are recovered as
close relatives of TIPs in the global MIP phylogeny (Fig. 1). The former
were first identified in Physcomitrella and dicots [15], and later also
found in Selaginella [14]. There are also XIPs reported out of plants in
Dictyosteliida and Fungi [15,47], and the sparse and odd phylogenetic
distribution of XIPs among lineages suggests that either multiple
independent losses or HGT events need to be invoked to explain their
evolutionary history and current taxonomic distribution. HIPs are only
present in mosses and spike mosses, and therefore they were lost be-
tween the ancestor of vascular and seed plants (depending on whether
they are found or not in ferns).

SIPs are intracellular MIPs [49] characterized by extremely long
branches, and were originally found in seed plants [50]. Afterwards,
they were also described in spike mosses [14] and mosses [15].
Moreover, a subfamily of algal MIPs (MIPC) present in Ostreococcus
and Micromonas was recovered as putative sister group of SIPs [13].
However, MIPC was discarded as potential ortholog of SIPs due to
its very different sequence, and its relative phylogenetic position
was explained as a LBA artifact [13]. Here, we report the presence
of true SIP orthologs in several green algae including Volvox (gi
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Fig. 5. Phylogeny of plant PIPs (A); TIPs, HIPs and XIPs (B); and SIPs (C).
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302844971), Chlorella (gi 307102614), Coccomyxa (gi 384247825),
and Chlamydomonas (gi 159463790), which share most of the con-
served residues that define SIPs [50]. The reconstructed phylogeny
shows that algal SIPs are basal to land plant SIPs (Fig. 5B). Given
that Chlorophyta are assumed to be monophyletic [51], SIPs are
either a true ancient family in plants with members independently
lost in some Chlorophyta lineages or the result of HGT. Indeed, the
presence of a GIP in a virus infecting Chlorella has been suggested
as evidence of a possible vector for HGT [13]. Seed plant SIPs could be
divided into two paralogs, SIP1 and SIP2. The latter showed a relatively
long branch, and had been reported to not function as a water channel
[25]. The long branch of this paralog introduced important biases in the
phylogenetic analyses. Therefore, for reconstructing this particular tree,
we had to retain all positions in the alignment in the phylogenetic anal-
yses in order to maximize the number of phylogenetically informative
characters between algal and seed plant SIPs (this was not needed
when the phylogenetic analyses included only seed plant SIPs; not
shown). According to the reconstructed phylogeny, the two SIP
orthologs ofmosses result fromamore recentmoss-specific duplication
and outgroup seed plant SIP1 and SIP2 (Fig. 5B). Although spike mosses
are recovered as sister group of SIP2, this relationship could be spurious
due to its low support and high divergence. Hence, it is likely that
Selaginella may also outgroup SIP1 and SIP2, and that the duplication
that led to both paralogs occurred in the ancestor of seed plants. It
would be important to search for SIPs in ferns and conifers, as genomes
from these groups become complete, to fully understand the evolution-
ary history of this family.

The NIP phylogeny was rooted according to the global phylogeny.
The recovered tree showed four main paralog groups (Fig. 6). Three of
these (NIP1-3) were already well known, but only NIP3 was reported
to have orthologs in Selaginella [14] and Physcomitrella [15]. The recov-
ered tree shows that also NIP2 has orthologs in ferns, spike mosses and
mosses (these sequences were previously assigned to another paralog
group, NIP5, which according to our results is not valid [14,15]). A fourth
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Fig. 6. Phylogeny of plant NIPs, together with bacterial AQPs and GLPs and a representation of other plant MIPs.

1475F. Abascal et al. / Biochimica et Biophysica Acta 1840 (2014) 1468–1481
paralog group (NIP4) with relatively long branches is first described
here. This paralog is present frommosses to flowering plants (including
the gene named NIP7 of Arabidopsis; [23]). Therefore, only NIP1 is exclu-
sive of seed plants, and its relative position in the phylogeny could be
explained invoking secondary losses in Selaginella and Physcomitrella
(it is not possible at present to conclude whether this paralog is also ab-
sent in Equisetum). In addition, the phylogeny shows groups of paralogy
within NIP1 and NIP3 that likely arose through gene duplications in the
ancestor of seed plants (Fig. 6). Interestingly, NIP2 is missing in some
of the analyzed flowering plant species (e.g., Arabidopsis, cocoa tree,
and cotton).

3. Structure of MIPs

Despite the ancient origin, widespread taxonomic distribution, and
high sequence diversity of MIPs, comparative sequence analyses have
shown that several amino acid residues key for their function as mem-
brane channels are highly conserved [7,8,19,21]. To define selectively
conserved and potentially important positions for the function in
the MIP protein, we built a multiple sequence alignment of MIPs (670
sequences) in which highly divergent AQPs (e.g., SIPs or AQP12) and
sequences with long insertions or deletions were removed. Next, we
looked for residues conserved in at least 90% of the aligned proteins
(Fig. 7). This filtering rendered the following key positions: (1) the
two NPA boxes (we included the Ala of the first and second NPA motifs
although they were conserved in 85.7% and 87.3%, respectively);
(2) Asp8 (position numbers correspond to Escherichia coli AqpZ),
which is in transmembrane helix 1 (H1); (3) Ser58 and Gly59 in
loop B (i.e., close to the first NPA motif); (4) Gln88 and Gly91 in H3;
(5) Asn182 (Gly in most MIPs) and Arg189 in loop E (before and after
the secondNPA, respectively); and (6) Pro212 andGly215 inH6. Similar
results were obtained with Consurf [52], which measures conservation
in a phylogenetic framework (see Appendix A). Interestingly, conserved
residues concentrated in theMIPs half region close to the cytoplasm.We
further investigated conservation of these key positions in each of the
main MIP subfamilies. In most subfamilies, these positions are con-
served and exceptions are restricted exclusively to certain species with-
out any particular phylogenetic pattern (see Appendix A). However,
systematic deviations from the canon were evident in SIPs, AQP11s
and AQP12s. In SIPs, Asp8 (E. coli AqpZ coordinates) is replaced
by Glu; Ser57 is most frequently replaced by Gly or a basic residue
(Arg or Lys); the Ala of the first NPA motif becomes highly variable;
and most remarkably, Arg189 (one of the most conserved residues in
MIPs) is replaced by different amino acids (Ser, Ala, or Asn, among
others). In addition, the loop C has been reported to be considerably
shorter in these proteins [49]. Moreover, our comparative analyses
identified several residues that are different in other MIPs but highly
conserved in SIPs (including the new algal SIPs reported here), and
thus that could be considered shared derived in evolutionary terms
i.e. synapomorphies: a Trp in H1, two Pro in H3 and H4, another Trp
after loop B, and some other residues at the last helix and the C-
terminus. Both AQP11 and 12 deviate from the canon at Ser57 (Asp in
AQP12, variable in AQP11), at the first NPA (NPT in most AQP12, NPC
in AQP11; [53]), and at Arg189 (replaced by Ala in both). The alignment
between AQP11 and 12 was particularly problematic given the high
sequence divergence, and proper site homology could not be reliably
established for some regions. Nevertheless, some conserved residues
between AQP11 and 12 could be distinguished, including two Cys
residues, one at H5 and the other at the end of the loop E. Although
AQP11/12 and SIPs might have somewhat similar functions (they are
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Fig. 7. Sequence and structural view of positions determining specificity in MIP proteins. (A) Multiple sequence alignment of selected MIPs. Residues forming the ar/R selectivity filter,
reported to confer glycerol selectivity (P1–P5), or defined here as mostly conserved (red asterisks; N90% identity) are mapped onto the alignment. (B) NPA boxes (green), ar/R filter
sites (red), and P1–P5 sites (pink) are mapped onto the three dimensional structures of E. coli GlpF (PDB ID: 1RC2) and AqpZ (PDB ID: 1FX8).
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basic proteins and are located in the endoplasmic reticulum [49]), none
of the specifically conserved residues in AQP11 and 12 is shared with
SIPs, suggesting that the recovered node in the phylogenetic tree
connecting these vertebrate and plant subfamilies probably reflects a
LBA artifact rather than a true relationship of orthology, as previously
proposed [18]. Solving the 3D structure of these subfamilies would
probably help to a better understanding of their evolutionary history.

Structural analyses showed that the ar/R filter (residues Phe43,
His174, Thr183, andArg189 in E. coliAqpZ)mainly dictates substrate se-
lectivity of MIPs by delimiting the narrowest part of the pore [12,44,45].
Furthermore, certain sites were described as differentially conserved in
AQPs andGLPs, and thus potentially related to glycerol selectivity. These
include the sites commonly known as P1–P5 ([21]; residues Ala103,
Ser190, Ala194, Phe208, and Trp209 in E. coli AqpZ). However, muta-
genesis of these sites has shown restricted alteration of MIPs selectivity
[54,55], indicating that more complex evolutionary patterns have to be
considered. In this regard, Statistical Coupling Analysis revealed more
than ten differentially coevolving pairs of residues in AQPs and GLPs
[56], some of which had experimental support. Interestingly, while
most conserved MIP residues are located in the cytoplasmic half of
MIP proteins, sites responsible for selectivity (including the ar/R filter)
mostly concentrate on the extracellular half. Since MIP proteins
are made of two structurally identical hemipores (hourglass model;
[57]) arranged in opposite directions, such evolutionary pattern most
probably reflects functional differences between the two hemipores
rather than evolutionary constraints associated to the common (inverted)
structure.

Plant NIPs and some archeal AQPs (AqpMs) represent independent
cases of natural mutagenesis towards glycerol selectivity. In NIPs,
the first residue of the ar/R filter mutated to Trp, and the P1 and P5
sites were replaced by aromatic and small hydrophobic amino acids,
respectively, as observed in typical GLPs (Fig. 7; [16,26,44]). The shared
derived residues of NIPs include a Pro (usually followed by a Trp) at the
end of loop B, a Thr and a Pro before H4, and a Tyr and an Arg at H6. Re-
garding AqpMs, the archaeal aquaglyceroporins, mutations concentrate
in P2 (Ser in AQPs, Asp in GLPs, Thr in AqpM), P3 (Ala in AQPs, basic in
GLPs, Tyr in AqpM), and P5 (Trp in AQPs, small hydrophobic in GLPs,
and Tyr in AqpM), although they show also conserved residues at the
end of loop E (charged amino acid) or close to H6 (Pro), among others.
The evolutionary patterns observed in NIPs and archaeal aquaglycero-
porins show us that different solutions to confer glycerol selectivity
are possible [16,44,45], but at the same time that some key positions,
like Trp in P5, are recurrently mutated (see Appendix A).

XIPs have been found in land plants (although lost in monocots),
fungi and Dictyostelium [15,47], and it was controversial whether the
XIPs of Dictyostelium were true orthologs or their grouping with plant
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and fungal XIPs was a LBA artifact [15]. Indeed, plant XIPs have a larger
loop after helix 5, whereasDictyostelium XIPs have a shorter helix 5, and
alignment in this region is problematic. Our phylogenetic analyses
including new potential XIPs from unicellular eukaryotes, all from the
order Dictyosteliida, further supported the true orthology of these
genes (Fig. 3). Remarkably, shared derived residues conserved among
XIPs of plants, fungi and Dictyosteliida could be distinguished in the
alignments. These included an aromatic residue (usually Trp) in TM1,
a conserved Cys in loop C, a small polar (Ser/Thr) residue before
loop B, and most notably, a Cys just after the second NPA motif
(see Appendix A). Overall, these residues might be responsible of
functional specificities of XIP proteins and further support the true
orthology of the group as recovered in the phylogenetic tree.

To further explorewhether deep orthologies between plant TIPs and
animal AQP8, as well as between plant PIPs and classic animal AQP 4, 1,
0, 2, 6 and 5 may exist (Fig. 1), we searched for conserved sites that
could be shared by the proposed groups of orthology. Three sites
added some clues to this phylogenetic question: Phe43 (in AqpZ),
which is part of the ar/R filter, is found as His in AQP8 and TIPs, and as
Phe in PIPs and classic animal AQPs; His174 (in AqpZ), also belonging
to the ar/R filter, is replaced by Ile in TIPs and AQP8s and remains as
His in PIPs and classic animal AQPs; and Ile178 (in AqpZ) is found as
Gly in TIPs and AQP8, and Ile in PIPs and classic animal AQPs. Interest-
ingly, these three sites are very close in the 3D structure (5.3–7.8 Å),
and might constitute a molecular synapomorphy of AQP8 and TIPs, in
support of amost recent commonancestor for both subfamilies. Regard-
ing the potential close relationship of PIPs and classic animal AQPs, the
conserved sites described above represent the ancestral state of the
whole AQP family, and hence provide no support for a deep orthology
relationship of both subfamilies.

4. Functions of MIPs in an evolutionary context: bacteria, flowering
plants and vertebrates

Since their discovery, isolation of different MIPs has been followed
by functional characterization through e.g., in vitro functional assays
of substrate transport in Xenopus oocytes [5]. Once MIP proteins were
characterized, their function and tissue localization were used to infer
their potential physiological roles [58,59]. At present, many MIPs are
identified directly from genome projects through comparative genomic
techniques, and hints of their function could be inferred based onmicro-
array and/or RNA-seq data. Our aim here is not to reviewwhat is known
aboutMIP functions (see e.g., [4,58]) but rather to putMIP genomic and
gene expression data into an evolutionary context to better understand
the diversification of MIPs across different phyla.

In bacteria and archaea, MIPs have not diversified as much as in
eukaryotes, providing a simpler functional (ancestral) scenario: one
paralog is in charge of water transport and the other of glycerol trans-
port. As an exception to this rule, in thermophilic archaea and bacteria
MIPs are absent, suggesting that their function might be negligible at
high temperatures or that alternative mechanisms are used for water
and glycerol transport. Moreover, other archaea have evolved AQPs
(AqpM) that are able to transport glycerol, presumably with adaptive
advantages (Fig. 2; [46]). We searched for gene-neighborhood conserva-
tion around AQPs and GLPs in bacterial and archaeal genomes using the
Stringweb-server [60] as amean to identify potential functional relation-
ships with other genes [61]. GLPs were frequently found close to glycerol
kinase, glycerol-3-phosphate dehydrogenase, and glycerophosphoryl
diester phosphodiesterase genes, both in bacteria and in the few GLP-
containing archaea. This suggests functional relationships among these
genes, and furthermore microarray data supports their coexpression.
AQPs do not show such an obvious pattern of neighborhood con-
servation. In some cases, AQPs from diverse lineages (e.g. Rhizobium,
Methylobacterium, Polaromonas, Methylovorus, Gloeobacter, Deinococcus,
and archaeal Nitrosopumilus) are found close to a protein tyrosine phos-
phatase (COG0394) and a transcriptional regulator of the ArsR family.
Archeal AqpM from Euryarchaeota is frequently found close to two
genes coding for hypothetical proteins that posses archaeal-specific
Pfam domains of unknown function: DUF2193 and DUF2180 (probably
a Zn-finger). Conservation of gene context between non-related lineages
of bacteria and archaea possibly reflects HGT, further explaining the
mixture of archaeal and bacterial AQPs in the phylogeny (Fig. 2).

In contrast to the pattern described in bacteria and archaea,MIPs have
diversified largely in eukaryotes by lineage-independent gene duplica-
tions. This recurrent pattern of MIP expansions supports the adaptive
value of these proteins and points towards functional diversification
of paralogs. However, some degree of functional redundancy among
paralogs is also suspected [62], indicating that a great number of copies
might have also a gene-dosage role. To further understand the relation-
ship between expansion by gene duplication and functional divergence,
we analyzed the patterns of tissue expression in humans and Arabidopsis
in an evolutionary context, as well as the strength of purifying selection
acting on each paralog (Figs. 8 and 9). In humans, we used RNA-seq
data from the comprehensive Illumina Human Body Map, which com-
prises up to 16 tissues: adipose, adrenal, blood, brain, breast, colon,
heart, kidney, liver, lung, lymph nodes, ovary, prostate, skeletal muscle,
testes, and thyroid (E-MTAB-513 in ArrayExpress; [63]). Reads aligned
against the human GRCh37/hg19 assembly were retrieved from Ensembl
[64], and uniquely mapping reads against exons of principal gene iso-
forms (as identified by Appris; [65]) were counted using bedtools [66].
Subsequently, the corresponding RPKM (reads per kilobase of exon
model per million mapped reads) values were calculated as a measure
of the expression level. The expression heatmap (Fig. 8) shows that
AQP3 and AQP1 are the most ubiquitously expressed MIPs within the
GLP and AQP lineages, respectively. Consistently, AQP3 and AQP1 are
under strong purifying selection. AQP7, AQP11 and AQP4 are also broadly
expressed, although at lower levels (Fig 8). Despite its broadpatternof ex-
pression, AQP7 is evolving under weak purifying selection, which, inter-
estingly, could be related to the presence of several AQP7 pseudogenes
(at least four in human, all along chromosome 9). AQP 9 and 10 are also
evolving under weak purifying selection, AQP10 being poorly expressed,
and AQP9 being mostly expressed in blood (Fig. 8). Within AQPs,
AQP2, 5 and 6 are located in tandem in chromosome 12 (q13.12),
and have highly specific patterns of expression, with AQP2 and AQP6
predominating in kidney (Fig 8) and AQP5 in the testes, lung and thyroid.
AQP4 is clearly themost expressed paralog in brain (Fig 8). These patterns
are in agreement with what was known about AQP expression in
mammals and chicken [67]. AQP8, AQP0, and AQP12A and B showed no
expression in this collection of tissues, althoughAQP8 is known to express
in the digestive tract [68], AQP0 in eye lens [69], andAQP12 intracellularly
in pancreas [70]. The data obtained by RNA-seq were in agreement with
data from a barcodized collection of microarray experiments obtained
from the Gene Expression Barcode (see Appendix A; [71]). The only ex-
ceptions were the AQP12 paralogs, which show ubiquitous expression
in this microarray platform (HGU133plus2), although we noticed that
the microarray probes assigned to AQP12 genes (1559575_a_at and
1554344_s_at) were too unspecific. Overall, these results indicate that
subfuncionalization associated to tissue specificity has been the main
driving force for the diversification of MIPs in vertebrates.

The diversity of vertebrate MIPs could be explained under the
following evolutionary scenario: GLP and AQP lineages separated at
the LUCA ancestor, the origin of some major groups might be related
to deep orthologies (as discussed above for the putative orthology of
AQP8 and plant TIPs), andmost of the diversification could be explained
by the rounds of whole genome duplication experienced by vertebrates
early in their evolutionary history [19]. However, additional more re-
cent gene duplications need to be invoked to fully explain observed
MIP diversity in vertebrates. We identified several tandem duplications
when locating MIP genes in the human genome, two comprising AQP5,
2 and 6 that trace back to the ancestor of tetrapods; one specific of the
hominid lineage resulting in AQP12A and B; and one for AQP3 and 7.
For these more recent gene duplications, sequence divergence is



Fig. 8. Expansion, functional diversification and selective constraints ofMIP proteins in humans. Thefigure displays the phylogeny of the 14humanparalogswith numbers above branches
indicating bootstrap support (in percentage; 1000 pseudoreplicates). The heatmap shows gene expression levels for each paralog for 16 different tissues. Expression levels aremeasured as
RPKM (reads per kilobase of exon model per million mapped reads). In addition, ratios of non-synonymous substitutions per non-synonymous site versus synonymous substitutions per
synonymous site (dN/dS) are shown between human and chimp, mouse and cat orthologs, hence covering diverse times of divergence (chimp ~6.3 Mya, mouse ~91 Mya, and cat
~97.4 Mya according to [75]). Orange brackets to the right indicate tandem duplications.
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not high (what may be explained by paralogous gene conversion), indi-
cating that functional diversitymay be partly acquired through changes
at the regulatory level.

In Arabidopsis, as in other plants, MIPs have diversified extremely,
especially if we consider that in this species there are no members
of the GLP lineage, and that XIP and HIP subfamilies were lost in
Arabidopsis and seed plants, respectively. Moreover, the ar/R selective
filters of Arabidopsis MIPs show several ar/R combinations different
from those found in orthodox AQPs and GLPs, supporting that plant
MIPs have additional transport functions besides water and glycerol
[45]. We obtained mean-normalized gene expression intensities from
a microarray-based gene expression map of Arabidopsis thaliana devel-
opment [72] available at AtGenExpress. Some general patterns were
evident (Fig. 9): first, plant AQPs are more abundantly expressed in
roots and seeds (as could be expected given their water-transport func-
tion), and second, in the NIP, SIP and TIP subfamilies, there are at least
one paralog specifically expressed in roots and one in seeds. In contrast,
no paralog of the PIP subfamily showed clear seed-specific expression.
Interestingly, PIPs are the only Plant MIPs that exclusively transport
water and no other solute, and PIP genes are overexpressed after
drought stress in leaves [73]. In contrast TIPs transport other substrates
than water including urea, ammonia, and hydrogen peroxide, and TIP
genes become underexpressed after drought stress [73]. In contrast to
human AQPs, no clear differences in the strength of purifying selection
could be appreciated in plants MIPs. However in many cases it was
not possible to calculate dN/dS because one-to-one orthology relation-
ships were usually broken due to the high frequency of gene duplica-
tions and losses. Two sister group relationships showed clearly
divergent expression patterns (Fig. 9). NIP11 and 12, which probably
duplicated recently at the ancestor of Brassicaceae, were basically
expressed in roots and seeds (the latter also in flowers), respectively.
The same pattern occurred with SIP11 and SIP12. Interestingly, SIP21,
which outgroups SIP11 and SIP12, has a pattern of expression very sim-
ilar to SIP11, indicating that SIP12 could be the paralog under selection
after gene duplication.However, considering that SIP1 and SIP2 duplica-
tion likely traces back to the ancestor of seed plants, prompts for cau-
tious interpretation of this pattern. Less marked but still evident
patterns of gene expression divergence are observed for the recent du-
plications involving TIP11–TIP12 and PIP25–PIP26 (Fig. 9). In TIPs,
there are three broadly expressed paralogs (TIP21, TIP12 and TIP11),
two that are seed-specific (TIP31, TIP13), three restricted to root
(TIP23, TIP22, TIP41), and two specific of flowers (TIP13, TIP51). XIPs,
which are absent in Arabidopsis andmonocots, were reported to express
widely in poplar with no particular tissue specificity [47].

Regarding the evolutionary events that led to the actual MIP diversi-
ty in flowering plants, the following scenario could be posed. While the
principal subfamilies of plant AQPs arose by gene duplications at the an-
cestor of land plants (or possibly before in the case of TIPs, see above),
NIPs were probably acquired through HGT from bacteria (Fig 6; [26]).
Later on, many lineage-independent gene duplications occurred. For
example, the NIP1 subfamily expanded independently in Brassicaceae
and Poaceae. In contrast to vertebrates, scarce evidence of tandem du-
plications is found in plants, and whole-genome duplications and/or
polyploidization might be in part responsible of plant MIPs expansion.
As in animals, sequence divergence is not high betweenmany paralogs,
and functional diversity may occur through changes at the regulatory
level [74].

5. Conclusions

MIPs are the focus of numerous studies due to their key function
as water channels and their spectacular functional and structural
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Fig. 9. Expansion, functional diversification and selective constraints of MIP proteins in the lineage to Arabidopsis. The figure shows the phylogeny of the 35 paralogs of A. thaliana, with
numbers above branches indicating bootstrap support (in percentage; 1000 pseudoreplicates). The heatmap shows normalized gene expression intensities of eight different organs. In
addition, ratios of non-synonymous substitutions per non-synonymous site versus synonymous substitutions per synonymous site (dN/dS) are shown between A. thaliana andArabidopsis
lyrata, Brassica rapa and Vitis vinifera orthologs, hence covering diverse times of divergence (A. lyrata ~5.4 Mya, B. rapa ~16.4 Mya, andV. vinifera ~113.3 Mya; [75]). Orange brackets to the
right indicate tandem duplications.
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diversification. In addition, as shown here, MIPs constitute a model sys-
tem for studying molecular evolution but also embrace a great chal-
lenge for phylogenetic reconstruction. Although there are several
conserved amino acids, the most prominent ones the two NPA boxes,
which clearly identify members of the family, the extraordinary se-
quence divergence between subfamilies is enough tomake phylogenetic
inference of deep orthologies difficult due to the lack of enough shared
derived residues. In addition to gene duplication coupled with sequence
and functional divergence, diversity of the family, at least in plants, may
have been acquired partly through several HGT events. Moreover, in-
stances of functional convergence [2] often hinder phylogenetic relation-
ships. In spite of all these challenges, it is possible to infer major
evolutionary and genetic processes involved in the generation of diversi-
ty within the family. Our evolutionary analyses demonstrate a clear an-
cient origin of the XIP subfamily (at least tracing back to the common
ancestor of Dyctiostellida + Ophistokonta + Plants), and suggest a po-
tential deep orthology uniting animal AQP8 with HIPs, XIPs, and TIPs
based on the reconstructed phylogeny, the existence of putative shared
derived characters, and the nearly complete distribution of the group
in eukaryotes. Moreover, our results suggest that seed plants co-opted
NIPs to transport glycerol and concurrently lost GLPs due to functional
redundancy. On the contrary, we find no support for a close relationship
between plant SIPs and vertebrate AQP11 and 12 beyond their extremely
divergent sequences that are responsible of a likely LBA artifact in the
phylogenetic reconstruction. Yet, we were able to show that true SIPs
orthologs are present in algae. After analyzing more than 1700 MIP se-
quences, two main evolutionary patterns are derived from our results:
one is the major ancient split between proteins that ancestrally
transported water (AQPs) and glycerol (GLPs), and the other is the
great and recurrent expansions of both subfamilies in eukaryotes that
have led to the structurally and functionally highly diverse members of
the familywithmultiple physiological roles. Groups of paralogywere ini-
tiallywell documented in flowering plants and vertebrates, but now that
data are available from many non-model organisms, it is becoming evi-
dent that rapid evolutionary turnovers of gene duplications and gene
losses werewidespread supporting the role of these proteins in adaptive
processes. Furthermore, our analyses of expression profileswithin a phy-
logenetic context show that subfunctionalization (linked to changes in
the regulation of expression) after gene duplication is the main evolu-
tionary mechanism underlying diversification. Neofunctionalization
(intracellular AQPs) and co-option (NIPs) have also contributed to fur-
ther generate this diversity.
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