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Many of the aquaporin genes in Cyanobacteria belong to the AqpN-clade. This clade was also 
the cradle of plant NIPs (nodulin-26 like intrinsic proteins) whose members are transporters for 
glycerol and several hydroxylated metalloids. The superphylum of Archaeplastida acquired the 
primordial NIP-gene most likely from the cyanobacterium that, some 1500 million years ago, 
became the ancestor of all plastids. 
 

Nodulin-26 is the major protein in the peribacteroid membrane of soybean nodules. Its 

coding gene was identified in 1987 and appeared to be related to the gene of the major 

intrinsic protein of the bovine eye lens and that of the glycerol facilitator of Escherichia 
coli [1,2]. After the protein CHIP28 from erythrocytes joined the club [3] and was 

characterized as the first water channel or aquaporin protein [4], the family of ‘Major 

Intrinsic Proteins (MIPs)’ or ‘Aquaporins’ came into view. The protein family consists of 

two major clades: the clade of aquaporins sensu stricto, which function mainly as water 

channels, and that of the glycerol facilitators (GlpF clade or GIPs, GlpF-like intrinsic 

proteins). Representatives of both clades are widely distributed in all life forms [5-9].  

 

Plant aquaporins fall into four major subfamilies: plasma membrane intrinsic proteins 

(PIPs), tonoplast intrinsic proteins (TIPs), nodulin 26-like intrinsic proteins (NIPs), and 

small, basic intrinsic proteins (SIPs) [9,11]. Two minor groups are the XIPs (X intrinsic 

proteins), with members in fungi, slime molds and several dicot plant families, and the 

HIPs (hybrid intrinsic proteins), a small group only present in mosses and lycopods 

[9,12,13]. GIPs have been encountered in some green algae [14] and in the moss 

Physcomitrella patens [15] but not in vascular plants. 

 

The NIPs are specific for plants. The subfamily is widely represented in the plant 

kingdom. The number of NIPs range from five in Physcomitrella [12] and four in a tiny 

angiosperm, the duckweed Spirodela polyrhiza [16], up to 13 in soybean (Glycine max) 

[17] and 32 in the mesohexaploid oilseed rape (Brassica napus) [18]. The absence of 

NIPs in green algae is remarkable [14].  

 

NIPs are primarily known as transporters for glycerol (C3H5(OH)3) [19] but during plant 

evolution the proliferation and diversification of NIP genes has resulted in specific 

transporters for a range of substrates, hydroxylated metalloids in particular [20-22]. 

NIPs are known for the transport of boron (B(OH)3), silicon (Si(OH)4), arsenic (As(OH)3), 

and  antimony (Sb(OH)3). In addition particular NIPs are transporters for lactic acid 

(COOH.CH(OH).CH3) [23] and aluminium malate, ((Al3+)2(COO¯.CH(OH).CH2.COO¯)3) 

[24]. Most telling, perhaps, is the number of 11 NIP-genes in the silicon-accumulating 

horsetail Equisetum arvensis, that are all assumed to code for transporters of silicic acid 

[25,26]. 

 

.CC-BY-NC-ND 4.0 International licenseunder a
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which was notthis version posted July 2, 2018. ; https://doi.org/10.1101/351064doi: bioRxiv preprint 

https://doi.org/10.1101/351064
http://creativecommons.org/licenses/by-nc-nd/4.0/


 2 

Although many of the phylogenetic relationships between aquaporins have been 

elucidated in recent analyses [8, 27-31], the evolutionary origin of the NIPs has 

remained misty. In reviews it was described as ‘unclear’, ‘unresolved’, ‘uncertain’, or 

‘still questioned’ [9,10,22,28]. A first hint for its origin, however, came already in 1996 

after the first bacterial water channel protein, AqpZ, was identified [32]. A phylogenetic 

analysis revealed that NIPs are more similar to the bacterial aquaporin AqpZ than to 

other plant aquaporins [33]. This has been confirmed in virtually all phylogenetic 

analyses that followed [8,19,27-31] and has been taken as evidence for a horizontal 

gene transfer of the ancestral NIP-gene from a bacterium to an ancestor of plants, 

where it would have replaced a glycerol-transporting GIP [19]. 

 

Bacterial aquaporins even more similar to NIPs than the AqpZ-like proteins were first 

noticed in the group of Urban Johanson [28], and a cyanobacterial aquaporin belonging 

to a small sister clade of plant NIPs first popped up, just visible, in the extensive review 

by Federico Abascal et al. [see Fig. 1 in ref. 29]. Then an important insight into the 

diversification of prokaryotic aquaporins was obtained by a thorough phylogenetic 

analysis of bacterial and archaeal aquaporin sequences by Roderick Nigel Finn and 

colleagues, which revealed that prokaryote aquaporin genes fall into four clades, the 

GlpF-, AqpM-, AqpZ- and the AqpN clade [8]. The four clades are represented in both 

Eubacteria and Archaea [see Fig. S5 in ref. 8]. Bacterial NIP-likes belong to the AqpN 

clade of prokaryote aquaporins and are the sister group of plant NIPs [28,30]. Since the 

highest similarities were seen between plant NIPs and AqpN-members of Chloroflexi it 

has been suggested that the primordial gene of plant NIPs originated from this bacterial 

phylum [30].  

 

In the AqpN clade shown by Finn and co-workers [Fig. S5 in ref. 8] no cyanobacterial 

proteins were included, though in the very first publication of a cyanobacterial aquaporin 

its close relationship to nodulin-26 had already been mentioned explicitly [34]. At 

present ~300 cyanobacterial aquaporin genes from ~220 cyanobacterial species / 

strains have been sequenced. Most belong to the AqpZ- or AqpN-clade, a minor part to 

the GlpF-clade. The origin of the AqpN-clade probably predates the emergence of 

Cyanobacteria since its most basal species, Gloeobacter violaceus, possesses one AqpZ-

like and two NIP-like genes. 

 

It is true that NIP-likes from some prokaryotes are more similar to NIPs than their 

cyanobacterial counterparts. But the difference is rather small and amounts to a few 

percent points in identical amino acid residues (Table 1). Remarkably, the most similar 

prokaryotic proteins of a plant NIP fall into various phyla. For example, the seven top 

hits of a BLASTP search with a NIP from Arabidopsis thaliana (AtNIP1;1) as query were 

from four different phyla: Chloroflexi, Bacteroidetes, Planctomycetes, and 

Verrucomicrobia (Fig. 1). This may indicate horizontal gene transfer of NIP-like genes 

between bacteria from various phyla by which it will be very difficult to trace the 

ancestry of a NIP gene and even wrong inferences about its origin may be made. A 

striking, hypothetical example is given in Fig. 5 of ref. [35] where it is shown how a 

plant gene of cyanobacterial descent may be considered, erroneously, to come from a 

quite unrelated bacterium. Could it be that NIPs have a cyanobacterial origin? 
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Table1 : Similarities between NIPs and NIP-likes. 
Average amino acid identities (%) in three from the five top 
hits resulting from BLASTP searches against databases 
(GenBank) of Cyanobacteria, or non-cyanobacterial 
Prokaryotes, respectively. Queries were NIPs from the 
angiosperm Arabidopsis thaliana (At) [11], the lycopod 
Selaginella moellendorffii (Sm) [13], and the moss 
Physcomitrella patens (Pp) [12]. The three selected proteins 
were from different genera and coverage of the query 
protein was at least 70%. 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
 non-cyanobacterial  
     Prokaryotes Cyanobacteria 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
AtNIP1;1 47 45 
AtNIP3;1 49 47 
AtNIP5;1 45 40 
SmNIP3;2 42 41 
SmNIP3;5 48 42 
SmNIP5;1 53 53 
SmNIP7;1 40 34 
PpNIP3;1 47 40 
PpNIP5;1 52 52 
PpNIP5;3 52 53 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

 

 

The Archaeplastida comprise the Viridiplantae (green algae and land plants), 

Rhodophyta (red algae) and Glaucophyta, a small group of unicellular freshwater algae. 

The superphylum originated from the endosymbiosis of a cyanobacterium and a 

heterotrophic, eukaryote cell. The cyanobacterium became the plastid, and many of its 

genes moved to the nucleus of the host cell. About 15% of all plant genes are assumed 

to be of cyanobacterial descent [36-38], though a much lower estimate of ~2% also has 

been published [39]. Predictions of cyanobacterial descent are based on sequence 

comparisons and depend on methodological as well as biological factors, such as the 

degree of sequence conservation, horizontal gene transfer (between the free-living 

descendants of the plastid ancestor and other free-living prokaryotes after the plastid 

arose), and the coverage of the phylum Cyanobacteria [35,38].  

 

In a recent study the coverage of the Cyanobacteria was greatly enhanced by 

incorporating the genomes of 54 strains [38]. It was predicted that 4339 Arabidopsis 

proteins (13%) are of cyanobacterial descent, including 14 aquaporins: eight out of the 

nine NIPs, but also half of the ten TIPs and one of the three SIPs. By contrast, none of 

the 13 Arabidopsis PIPs was predicted to stem from cyanobacteria. Similarly, all five 

NIPs, but also both XIPs and PIP3;1 of the moss Physcomitrella patens were predicted 

to come from cyanobacteria, whereas the remaining aquaporins (7 PIPs, 4 TIPs, 2 SIPs, 

and 1 GIP) were not [see Supplemental Information]. Indeed, these results may hint at 

a cyanobacterial origin of NIPs but probably also demonstrate the uncertainty of such 

predictions.  
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Figure 1: Phylogenetic tree of AtNIP1;1 and its prokaryotic relatives. AtNIP1;1 is one of 
the nine NIPs from Arabidopsis thaliana [11] and belongs, like nodulin-26 of soybean, to the NIP1 
branch [41]. The tree shows the most similar proteins from the phylum Cyanobacteria (Gl, 
Gloeobacter; Ca, Calothrix; Ma, Mastigocoleus; An, Anabaena; Ri, Rivularia; Le, Leptolyngbya; Fi, 
Fischerella) and from all other bacterial phyla (Cl, Clostridium; He, Herpetosiphon; Rh, 
Rhodopirellula; Fl, Flavisolibacter; Sp, Sphingobacteriales; Ni, Niastella; Kt, Ktedonobacter). Color 
code for the bacterial phyla: blue, Cyanobacteria; green, Firmicutes; brown, Chloroflexi; grey, 
Planctomycetes; red, Bacteroidetes. Full names of the bacterial species and identification numbers 
of the proteins can be found in Supplemental Information.  
 
 
The transfer of the primordial NIP-gene at the origin of all plants would imply that NIP 

genes have been present in the forerunners of seed plants, from the last common 

ancestor of all plants, through their green algal predecessors, to the first land plants. 

The absence of NIPs in green algae [14], however, seems difficult to reconcile with a 

vertical transfer of NIP genes in the green lineage since its beginning, and a horizontal 

transfer after the terrestrialization of plants, which occurred ~700 million years later 

[40], is still imagined possible [41]. 

 

Green algae are divided into two clades, Chlorophyta and Streptophyta [42]. 

Chlorophytes, the larger group, are unicells, simple multicelluar filaments, or sheet-like 

and complex corticated thalli of marine, freshwater or terrestrial habitats [42,43]. The 

streptophyte algae or charophytes, a much smaller group of freshwater algae, are 

structurally also diverse, from scaly unicellular flagellates through unbranched and 

branched filaments, to the structurally more complex species of Chara (stoneworts) that 

consist of a main axis with rhizoids and whorls of branchlets [42,44]. All land plants, or 

embryophytes, (mosses, ferns, horsetails, lycopods, and seed plants) have originated 

from the streptophyte branch of green algae [44-47]. Klebsormidium nitens (= K. 
flaccidum) is one of the more basal members of the streptophytes. Its thallus consists of 

simple threads of cells without specialized cells. It is the only charophyte whose genome 

has been sequenced. Though morphologically quite simple, it has many genes specific 

for land plants [48]. A BLASTP search at the genome site of Klebsormidium revealed it 
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also possesses a very interesting complement of aquaporin genes. It harbors at least 11 

aquaporin genes, which can be classified as 5 PIPs, 2 TIPs, 1 SIP, 2 NIPs, and 1 GIP 

[see Supplemental Information]. Apparently, a NIP gene was already present in the 

green lineage when the chlorophyte and streptophyte clades diverged, some 800 million 

years ago [40], but got lost in the chlorophyte branch as no NIPs were found in the 

chlorophytic algae examined so far [14]. 

 

The ancestral gene of plant NIPs probably originated from a cyanobacterium, rather 

than from a chloroflexian bacterium [30] or some root-dwelling symbiotic bacterium 

[49]. It is in line with the similarity and abundance of NIP-like genes in cyanobacteria, 

and it offers a ready explanation for the plant specificity of NIPs. Thus the primordial 

NIP gene may have entered the green lineage at its very inception by the primary 

symbiosis of a cyanobacterium and a eukaryotic cell, one of the massive horizontal gene 

transfers in the history of ife, which is estimated to have occurred ~1500 million years 

ago [40,50]. A cyanobacterial origin of NIPs is also in good agreement with the 

estimated dating by Rafael Zardoya and colleagues of ~1200 million years for the origin 

of the primordial NIP gene, and by inference its transfer to a eukaryotic cell [19]. 
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