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Abstract

Background: Cellular membranes are dynamic structures, continuously adjusting their composition, allowing plants
to respond to developmental signals, stresses, and changing environments. To facilitate transmembrane transport
of substrates, plant membranes are embedded with both active and passive transporters. Aquaporins (AQPs)
constitute a major family of membrane spanning channel proteins that selectively facilitate the passive bidirectional
passage of substrates across biological membranes at an astonishing 108 molecules per second. AQPs are the most
diversified in the plant kingdom, comprising of five major subfamilies that differ in temporal and spatial gene
expression, subcellular protein localisation, substrate specificity, and post-translational regulatory mechanisms;
collectively providing a dynamic transportation network spanning the entire plant. Plant AQPs can transport a
range of solutes essential for numerous plant processes including, water relations, growth and development, stress
responses, root nutrient uptake, and photosynthesis. The ability to manipulate AQPs towards improving plant
productivity, is reliant on expanding our insight into the diversity and functional roles of AQPs.

Results: We characterised the AQP family from Nicotiana tabacum (NtAQPs; tobacco), a popular model system
capable of scaling from the laboratory to the field. Tobacco is closely related to major economic crops (e.g. tomato,
potato, eggplant and peppers) and itself has new commercial applications. Tobacco harbours 76 AQPs making it
the second largest characterised AQP family. These fall into five distinct subfamilies, for which we characterised
phylogenetic relationships, gene structures, protein sequences, selectivity filter compositions, sub-cellular
localisation, and tissue-specific expression. We also identified the AQPs from tobacco’s parental genomes (N.
sylvestris and N. tomentosiformis), allowing us to characterise the evolutionary history of the NtAQP family. Assigning
orthology to tomato and potato AQPs allowed for cross-species comparisons of conservation in protein structures,
gene expression, and potential physiological roles.

(Continued on next page)

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: michael.groszmann@gmail.com;
michael.groszmann@anu.edu.au
1ARC Centre of Excellence for Translational Photosynthesis, Research School
of Biology, Australian National University, ACT, Canberra 2601, Australia
Full list of author information is available at the end of the article

De Rosa et al. BMC Plant Biology          (2020) 20:266 
https://doi.org/10.1186/s12870-020-02412-5

http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-020-02412-5&domain=pdf
http://orcid.org/0000-0002-5015-6156
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:michael.groszmann@gmail.com
mailto:michael.groszmann@anu.edu.au
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Conclusions: This study provides a comprehensive characterisation of the tobacco AQP family, and strengthens the
current knowledge of AQP biology. The refined gene/protein models, tissue-specific expression analysis, and cross-
species comparisons, provide valuable insight into the evolutionary history and likely physiological roles of NtAQPs
and their Solanaceae orthologs. Collectively, these results will support future functional studies and help transfer
basic research to applied agriculture.

Keywords: Aquaporins, Major intrinsic protein, Orthologs, Phylogenetics, Gene structure and evolution, Gene
expression profile, Nicotiana sylvestris, Nicotiana tomentosiformis, Solanum lycopersicum, Solanum tuberosum

Background
Cellular membranes are dynamic structures, continuously
adjusting their composition in order to allow plants to
respond to developmental signals, stresses, and changing
environments [1]. The biological function of cell mem-
branes is conferred by its protein composition, with the
lipid bilayer providing a basic structure and permeability
barrier, and integral transmembrane proteins facilitating
diffusion of selected substrates [1]. Cell membrane diffu-
sion is a fundamental process of plant biology and one of
the oldest subjects studied in plant physiology [2]. Diffu-
sional events at the cellular level eventuate in the coordi-
nated transport of substrates throughout the plant to
support development and growth.

Plant membranes contain three major classes of transport
proteins known as ATP-powered pumps, Transporters, and
Channel proteins [3]. Pumps, are active transporters that
use the energy of ATP hydrolysis to move substrates across
the membrane against a concentration gradient or electrical
potential. Transporters move a variety of molecules across
a membrane along or against a gradient at rates of 102 to
104 molecules per second. Unlike the first two classes,
channel proteins are bidirectional and increase membrane
permeability to a particular molecule. Channel proteins are
permeable to a wide range of substrates and can pass up to
108 molecules per second. In plants, aquaporins (AQPs)
constitute a major family of such channel proteins that
facilitate selective transportof substrates for numerous
biological processes including, water relations, plant devel-
opment, stress responses, and photosynthesis [4, 5].

The AQP monomer forms a characteristic hour-glass
membrane-spanning pore that assembles as tetrameric
complexes in cell membranes. The union of the four
monomers, creates a fifth pore at the centre of the tetramer
which may provide an additional diffusional path [6]. The
substrate specificity of a given AQP is conferred by the
complement of pore lining residues which achieve spe-
cificity through a combination of size exclusion and
biochemical interactions with substrates [7]. Key identi-
fied specificity residues include the dual Asn-Pro-Ala
(NPA) motifs, the aromatic/Arginine filter (ar/R filter)
and Froger’s positions (P1-P5) [8–10]. However, other

pore-lining residues and lengths of the various transmem-
brane and loop domains of the AQP monomer are also
known to influence substrate specificity through conform-
ational changes of the pore size and accessibility [7, 11]. It
is likely that other residues that determine specificity and
transport efficiency remain to be elucidated.

Aquaporins, which are members of the major intrinsic
proteins (MIP) superfamily, are found across all taxo-
nomic kingdoms [12]. While mammals usually have only
15 isoforms, plants have vastly larger AQP families com-
monly ranging from 30 to 121 members [5, 13–15]. This
impressive diversification has been facilitated by the pro-
pensity of gene duplication events, especially prevalent
in the angiosperms, and likely by the adaptive potential
provided by AQPs. Based on sequence homology and
subcellular localisation, up to thirteen AQP subfamilies
are now recognised in the plant kingdom [13, 16–19].
Eight of these AQP subfamilies occur in more ancestral
plant lineages and include, the GlpF-like Intrinsic Pro-
teins (GIPs) and Hybrid Intrinsic Proteins (HIPs) in
mosses, the MIPs A to E of green algae, and the Large
Intrinsic Proteins (LIPs) in diatoms. The remaining five
subfamilies are prevalent across higher plants and have
extensively diversified into sub-groups and include the
Plasma membrane Intrinsic Proteins (PIPs; subgroups
PIP1 and PIP2), Tonoplast Intrinsic Proteins (TIPs; sub-
groups TIP1 to TIP5), Small basic Intrinsic Proteins
(SIPs; subgroups SIP1 and SIP2), Nodulin 26-like Intrin-
sic Proteins (NIPs; subgroups NIP1 to NIP5), and X In-
trinsic Proteins (XIPs; subgroups XIP1 to XIP3). The
XIPs are present in many eudicot species, but are absent
in the Brassicaceae and monocots [17].

The AQP subfamilies differ to some degree in sub-
strate specificity and integrate into different cellular
membranes, providing plants with a versatile system for
both sub-cellular compartmentalisation and intercellular
transport. In plants, AQPs are by far the most exten-
sively diversified, capable of transporting a wide variety
of substrates including water, ammonia, urea, carbon di-
oxide, hydrogen peroxide, boron, silicon and other met-
alloids [7, 20, 21]. More recently, lactic acid, oxygen, and
cations have been identified as permeating substrates
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[22–25], with RNA molecules also implicated as a pos-
sible transported substrate [26]. Further versatility is
achieved through tightly regulated spatial and temporal
tissue-specific expression of differentAQP genes, as well
as post-translational modification of AQP proteins (e.g.
phosphorylation) that controls membrane trafficking and
channel activity [27, 28].

Given their diverse complement of transported sub-
strates and growing involvement in many developmental
and stress responsive physiological roles, AQPs are tar-
gets for engineering more resilient and productive plants
[5, 29]. For example, CO2-permeable AQP are being
targeted to enhance photosynthetic efficiency and yield
increases [5, 30, 31], while AQPs responsive to drought
stress are being used to improve tolerance to water-
limited conditions [32, 33], and manipulations of boron-
permeable AQPs are being pursued to improve crop
tolerance to soils with either toxic or sub-optimal levels
of boron [15, 34, 35]. The genomic era of plant biology
has provided unprecedented opportunity to query AQP
biology by exploring sequence conservation and diversity
between isoforms in many species. This is reflected in
the increasing number of plant AQP family studies being
reported in recent years. Almost exclusively, these stud-
ies focus on the species of interest with no direct evalu-
ation with AQPs from other plant species. However,
extending an AQP family characterisation to closely re-
lated species (e.g. within the same taxonomic family) can
be especially informative, with comparisons of close
orthologous AQPs helping to better elucidate the evolu-
tionary history and physiological roles of different AQPs.
Comparisons between closely related species can also im-
prove the translation of basic AQP research to applied
agriculture, especially if the analysis involves crop species.

To improve our current knowledge on AQP biology
and aid in their potential use towards improving plant
resilience and productivity, we have characterised the
AQP family from Nicotiana tabacum (NtAQPs; to-
bacco). Tobacco is a fitting candidate species to explore
unknowns of AQP biology as it is a popular model sys-
tem for studying fundamental physiological processes
that is capable of scaling from the laboratory to the field.
Tobacco is part of the large Solanaceae family, which
includes species of major economic importance such as
tomato, potato, eggplant and peppers [36], and itself has
renewed commercial applications in the biofuel and
plant-based pharmaceutical sectors [37–39]. We found
that tobacco harbours 76 AQPs, making it the second
largest family characterised to date. Tobacco is a recent
allotetraploid, which accounts for its large AQP family
size. Phylogenetic relationships, gene structures, protein
sequences, selectivity filter compositions, sub-cellular
localisation, and tissue-specific expression profiles were
used to characterise NtAQP family members. We also

identified the AQPs of the tobacco parental genomes
(Nicotiana sylvestris and Nicotiana tomentosiformis),
allowing us to characterise the recent evolutionary history
of the NtAQP family. Furthermore, using the already de-
fined AQP families of tomato (Solanum lycopersicum) and
potato (Solanum tuberosum) [40, 41], we made cross-
species comparisons of gene structures, protein sequences
and expression profiles, to provide insight into conserva-
tion and diversification of protein function and physio-
logical roles for future studies and engineering efforts.

Results
Identification and classification of NtAQP genes
A homology search, using tomato and potato AQP pro-
tein sequences as queries, identified 85 loci putatively
encoding AQP-like genes in the genome of the TN90 to-
bacco cultivar [42]. Nine of these genes encode for severely
truncated proteins and were classified as pseudogenes
(Additional file 1: Table S1). The remaining 76 genes had a
level of homology to tomato and potato AQPs to be consid-
ered‘bona fide’ tobacco AQPs (NtAQPs; Table1). Seventy-
three of these 76 tobacco AQP genes were also identified in
the genome of the more recently sequenced K326 cultivar
(Nitab4.5v) [43] (Table1). To determine the precise protein
sequences and gene structures of the tobacco AQPs, the
surrounding genomic region of the identified coding se-
quences were examined in all forward translated frames.
The likely protein products and associated intron/exon
structures were curated through alignments with respective
Solanaceae homologues. Our gene models were then inde-
pendently validated and supported by alignments against
tobacco whole transcriptome mRNA-seq data (obtained
from Edwards et al., 2017), which also aided in defining the
5� and 3� UTRs. A comparison between our manually cu-
rated AQP protein and gene models against the computa-
tional predictions for the TN90 and K326 cultivars [42, 43]
revealed that 15% of TN90 and 50% of K326 computed
AQP models were incorrectly annotated (Table1). Errors
in the computed gene models were encountered across all
NtAQP subfamilies and consisted of either missing or
truncated 5� and 3’UTRs, absent exons, truncated exons
(ranging from 4 to 87 amino acids), and exon insertions
(16–57 amino acids) due to inclusion of adjacent intron
sequence (Fig.1, Additional file 2: Figure S1). A summary
of our NtAQP gene models, identifiers and genomic
locations for the TN90 and K326 cultivars are available in
Additional file 1: Table S2. FASTA sequencing files of cod-
ing DNA sequence (CDS), protein, and genomic sequence
can be found in Additional file3. Sequences of these high
confidence NtAQP protein and gene models have been
submitted to NCBI (Table1).

Through the process of curating the tobacco AQP gene
and protein sequences, we have made correction to several
previously mis-annotated AQP genes of tomato and potato
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Table 1 List of the 76 tobacco aquaporin genes identified in this study

This study TN90 - Sierro et al., 2014 K326 - Edwards et al., 2017

Gene ID Protein (aa) NCBI accession - This study Gene ID(1) Accurate gene model?(1) Gene ID(2) Accurate gene model?(2)

NtPIP1;1s 289 BK011392 gene_35182 Y Nitab4.5_0004836g0030.1 N

NtPIP1;1t 289 BK011393 gene_27714 Y Nitab4.5_0006090g0020.1 N

NtPIP1;2s 288 BK011394 gene_58674 Y Nitab4.5_0011459g0010.1 Y

NtPIP1;2t 286 BK011395 gene_10991 N Nitab4.5_0000583g0150.1 Y

NtPIP1;3s 288 BK011396 gene_79275 Y Nitab4.5_0007597g0010.1 Y

NtPIP1;3t 288 BK011397 gene_84661 Y Nitab4.5_0003043g0010.1 Y

NtPIP1;5s 288 BK011398 gene_40739 Y Nitab4.5_0010813g0020.1 N

NtPIP1;5t 288 BK011399 gene_80239 Y Nitab4.5_0001615g0140.1 Y

NtPIP1;7s 287 BK011400 gene_59749 Y Nitab4.5_0006718g0030.1 N

NtPIP1;8s 286 BK011401 gene_86041 Y Nitab4.5_0000737g0120.1 Y

NtPIP2;1s 284 BK011402 gene_9798 Y Nitab4.5_0009795g0020.1 Y

NtPIP2;1x 284 BK011403 gene_9795 N Nitab4.5_0009795g0010.1 N

NtPIP2;2t 284 BK011404 gene_87071 Y Nitab4.5_0000101g0110.1 Y

NtPIP2;3t 284 BK011405 gene_8898 N Nitab4.5_0000101g0120.1 N

NtPIP2;4s 288 BK011406 gene_84258 Y Nitab4.5_0004314g0010.1 Y

NtPIP2;4t 288 BK011407 gene_71307 Y Nitab4.5_0000181g0120.1 N

NtPIP2;5s 286 BK011408 gene_31592 Y Nitab4.5_0001192g0080.1 N

NtPIP2;5t 286 BK011409 gene_32945 Y Nitab4.5_0001297g0050.1 N

NtPIP2;6s 288 BK011410 gene_22735 Y Nitab4.5_0004108g0020.1 Y

NtPIP2;6t 288 BK011411 gene_34319 Y Nitab4.5_0000650g0260.1 Y

NtPIP2;7t 284 BK011412 gene_84225 Y Nitab4.5_0000106g0170.1 Y

NtPIP2;8s 285 BK011413 gene_75147 Y Nitab4.5_0003914g0040.1 Y

NtPIP2;8t 285 BK011414 gene_53392 Y Nitab4.5_0000283g0420.1 Y

NtPIP2;9s 284 BK011415 gene_84936 Y Nitab4.5_0005236g0020.1 N

NtPIP2;9t 284 BK011416 gene_9787 N Nitab4.5_0002763g0030.1 N

NtPIP2;11s 269 BK011417 gene_40272 Y Nitab4.5_0008552g0040.1 N

NtPIP2;11t 269 BK011418 gene_62966 Y Nitab4.5_0001789g0070.1 N

NtPIP2;13s 284 BK011419 gene_55607 Y Nitab4.5_0014443g0010.1 Y

NtPIP2;13t 284 BK011420 gene_81728 Y Nitab4.5_0000575g0130.1 Y

NtNIP1;1s 275 BK011376 gene_27146 N Nitab4.5_0005428g0060.1 N

NtNIP1;2s 288 BK011377 gene_42864 Y Nitab4.5_0008572g0060.1 N

NtNIP1;2t 282 BK011378 gene_42851 N Nitab4.5_0001778g0110.1 Y

NtNIP2;1s 287 BK011379 gene_24518 Y Nitab4.5_0001638g0020.1 N

NtNIP3;1s 348 BK011380 gene_85282 Y Nitab4.5_0013395g0010.1 N

NtNIP4;1s 271 BK011381 gene_11802 Y Nitab4.5_0003360g0080.1 N

NtNIP4;1t 272 BK011382 gene_33173 Y Nitab4.5_0004399g0020.1 N

NtNIP4;2s 273 BK011383 gene_47152 Y Not identified -

NtNIP4;2t 273 BK011384 gene_36231 Y Nitab4.5_0000742g0130.1 N

NtNIP4;3s 282 BK011385 gene_55126 Y Not identified -

NtNIP5;1s 298 BK011386 gene_36225 Y Nitab4.5_0005519g0010.1 N

NtNIP5;1t 298 BK011387 gene_38118 Y Nitab4.5_0000799g0080.1 Y

NtNIP6;1s 304 BK011388 gene_39457 N Nitab4.5_0012943g0030.1 Y

NtNIP6;1t 304 BK011389 gene_8958 N Nitab4.5_0001454g0120.1 N
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namely,StXIP3;1, StXIP4;1, SlXIP1;6, SlPIP2;1, andSlTIP2;2
(Additional file 1; Table S3). We also identified through our
tobacco genome sequence analysis an erroneous non-
synonymous single nucleotide mutation (C > T, CDS
position 619) in the reported mRNA sequence of the fre-
quently studied tobacco AQP1 gene (NtAQP1; assigned as
NtPIP1;5 s in this study). The mutation results in a Histi-
dine (H) to Tyrosine (Y) substitution at amino acid position

207 being incorrectly reported in the initial cloning of this
gene and subsequent use ( [44]; NCBI AF024511 and
AJ001416). This substitution is notable since His207, which
corresponds to the His193 position of the well-studied
crystal structures of Spinach PIP2;1 [6, 45, 46], is highly
conserved across all angiosperm PIP AQPs and is a key
regulator in the gating and therefore transport capacity of
the AQP channel [6, 45, 47]. The inadvertent use of this

Table 1 List of the 76 tobacco aquaporin genes identified in this study (Continued)

This study TN90 - Sierro et al., 2014 K326 - Edwards et al., 2017

Gene ID Protein (aa) NCBI accession - This study Gene ID(1) Accurate gene model?(1) Gene ID(2) Accurate gene model?(2)

NtNIP7;1s 294 BK011390 gene_69139 Y Nitab4.5_0007039g0010.1 N

NtNIP7;1t 281 BK011391 gene_41519 Y Nitab4.5_0002600g0020.1 N

NtTIP1;1s 252 BK011426 gene_4702 Y Nitab4.5_0003155g0010.1 N

NtTIP1;1t 252 BK011427 gene_17915 Y Nitab4.5_0001163g0070.1 N

NtTIP1;2s 253 BK011428 gene_62289 Y Nitab4.5_0001068g0010.1 Y

NtTIP1;2t 253 BK011429 gene_18091 Y Nitab4.5_0000766g0050.1 Y

NtTIP1;3t 249 BK011430 gene_34364 Y Nitab4.5_0022765g0010.1 Y

NtTIP1;3s 249 BK011431 gene_81216 Y Nitab4.5_0011193g0010.1 Y

NtTIP1;4t 252 BK011432 gene_44062 Y Nitab4.5_0000173g0030.1 N

NtTIP2;1s 249 BK011433 gene_13886 N Nitab4.5_0009267g0020.1 N

NtTIP2;1t 249 BK011434 gene_84779 Y Nitab4.5_0003039g0050.1 N

NtTIP2;2s 251 BK011435 gene_65205 Y Nitab4.5_0001381g0190.1 N

NtTIP2;3s 251 BK011436 gene_8782 Y Nitab4.5_0001076g0030.1 N

NtTIP2;3t 251 BK011437 gene_77281 Y Nitab4.5_0000618g0070.1 N

NtTIP2;4s 249 BK011438 gene_44575 Y Nitab4.5_0007573g0030.1 Y

NtTIP2;5s 249 BK011439 gene_55803 Y Not identified -

NtTIP2;5t 249 BK011440 gene_36783 Y Nitab4.5_0011578g0040.1 N

NtTIP3;1s 260 BK011441 gene_7183 Y Nitab4.5_0005315g0010.1 Y

NtTIP3;1t 260 BK011442 gene_54243 Y Nitab4.5_0000477g0090.1 Y

NtTIP3;2t 259 BK011443 gene_79868 N Nitab4.5_0009307g0020.1 Y

NtTIP4;1s 248 BK011444 gene_76645 Y Nitab4.5_0000837g0080.1 N

NtTIP4;1t 248 BK011445 gene_2305 Y Nitab4.5_0000151g0360.1 Y

NtTIP5;1s 251 BK011446 gene_8008 Y Nitab4.5_0010023g0020.1 Y

NtTIP5;1t 251 BK011447 gene_33209 Y Nitab4.5_0002816g0050.1 N

NtSIP1;1t 238 BK011421 gene_54009 N Nitab4.5_0000001g0350.1 Y

NtSIP1;2s 244 BK011422 gene_73217 Y Nitab4.5_0007223g0030.1 Y

NtSIP1;2t 243 BK011423 gene_74850 Y Nitab4.5_0000812g0160.1 N

NtSIP2;1s 241 BK011424 gene_42066 Y Nitab4.5_0001918g0070.1 N

NtSIP2;1t 241 BK011425 gene_29131 N Nitab4.5_0000721g0170.1 Y

NtXIP1;6s 327 BK011448 gene_13292 Y Nitab4.5_0007293g0050.1 N

NtXIP1;6t 327 BK011449 gene_52652 Y Nitab4.5_0000956g0150.1 N

NtXIP1;7s 314 BK011450 gene_34706 Y Nitab4.5_0007733g0020.1 N

NtXIP1;7t 314 BK011451 gene_50247 Y Nitab4.5_0006828g0010.1 N

List of the 76 tobacco aquaporin genes identified in this study. Provided are protein lengths, gene identifiers in the TN90(1) (Sierro et al. 2014) and K326(2)
(Edwards et al. 2017) cultivar genomes, comparison of whether the computational gene models derived from each study matched the curated gene structures (Y-
yes or N-no) and NCBI accession identifiers. NtTIP2;5s, NtNIP4;2s and NtNIP4;3t genes were not identified in the K326(2) cultivar’s genome. For further details,
including gene identifiers, previous NCBI accession identifiers etc.., see the expanded version of this table in Additional File 1: Table S2
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