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The Major Intrinsic Protein Family of Arabidopsis Has 23
Members That Form Three Distinct Groups with Functional
Aquaporins in Each Group'

Alfons Weig?, Corine Deswarte, and Maarten J. Chrispeels*

Department of Biology, 0116, University of California, San Diego, 9500 Gilman Drive,
La Jolla, California 92093-0116

Aquaporins, proteins that enhance the permeability of biological
membranes to water, are widely distributed in living organisms.
They are 26- to 29-kD proteins that belong to the major intrinsic
protein (MIP) family of channels. By searching the Arabidopsis
thaliana expressed sequence tag database and by using the poly-
merase chain reaction with oligonucleotides to conserved plant
aquaporin domains, we identified 23 expressed Arabidopsis MIP
genes. Eight of these had been previously identified as active aqua-
porins, and two additional ones are now reported to have water-
transport activity in Xenopus laevis oocytes. One of these is highly
expressed in suspension-cultured cells. On a dendrogram these 23
MIP sequences cluster into three groups: the first group has 11
members and contains the plasma membrane aquaporins, the sec-
ond group also has 11 members and contains the tonoplast aqua-
porins, and the third group has only a single member. This MIP
protein, provisionally called At-NLM1, is most closely related to the
Gm-NOD26 protein that is found in the bacteroid membranes of
soybean (Glycine max L.) nodules; At-NLM1 is an active aquaporin
when expressed in oocytes. With a semiquaatitative slot-blot anal-
ysis technique, we determined the expression levels of 22 MIP genes
in the various organs. The quantitative polymerase chain reaction
was used to determine the effects of various stress treatments on the
expression of NLM1.

In growing plants nonlimiting water movement through
cellular membranes is required by a large number of cel-
lular and physiological processes such as cell enlargement,
stomatal movement, phloem loading, and transpiration, to
name but a few. Yet, until recently, the molecular basis of
transmembrane water flow in plant cells remained obscure.
The identification of integral membrane proteins that act as
water-selective channels or aquaporins in animals (Preston
et al., 1992), plants (Maurel et al., 1993; Kammerloher et al.,
1994), and bacteria (Calamita et al, 1995) completely
changed our views about how water movement through a
membrane may be regulated. Aquaporins belong to the
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MIP family and are 26- to 29-kD proteins that are charac-
terized by six membrane-spanning domains and an
NPAXT signature sequence. Many MIP proteins are water-
channel proteins or aquaporins, whereas others, such as
MIP itself (Zampighi et al., 1985) and the soybean (Glycine
max L.) nodule peribacteroid membrane protein Gm-
NOD26 (Weaver et al., 1994), may be ion channels. How-
ever, whether a protein of the MIP family is classified as an
ion channel or a water channel may depend on the method
used to establish its function. When bovine lens MIP is
expressed in Xenopus laevis oocytes, it is clearly an aqua-
porin (Mulders et al.,, 1995), but when the protein is incor-
porated into a lipid bilayer, it behaves as an ion channel
(Zampighi et al., 1985). Bacteria have MIPs that are glycerol
channels (Maurel et al., 1994), and some mammalian MIPs
are bifunctional, transporting water and ions (Yool et al.,
1996) or glycerol, urea, and water (Ishibashi et al,, 1994).

In humans five different aquaporin cDNAs have been
identified. Aquaporins are very abundant in the kidney,
where they are responsible for the concentration of urine
(Chrispeels and Agre, 1994; van Os et al., 1994; Brown et al.,
1995). They are also present in other organs, where their
functions remain to be elucidated. In plants MIP homologs
were identified in at least 15 different species by a recent
search of the EMBL /GenBank/DBJ databases.

In plants aquaporins are likely to function in a variety of
processes that require regulated water flow (for review, see
Maurel, 1997). We can distinguish transport processes re-
quiring transcellular water flow from those that accom-
pany intracellular osmotic adjustments. For example, the
transpiration stream and phloem loading are processes that
must be accompanied by transcellular water flow through
living tissues to sustain them. Cell enlargement, opening of
stomates, and movement of pulvini are examples of pro-
cesses that require short-range transcellular water move-
ment, as well as osmotic adjustments between the vacuole
and the cytosol or the cytosol and the apoplast. Osmotic
adjustments undoubtedly also occur in cells that hydrolyze
their vacuolar reserves (cotyledons and fruit mesocarp) or
take up salts (root hairs) or metabolites (transfer cells and

Abbreviations: EST, expressed sequence tag; MIP, major intrin-
sic protein; MS, Murashige-Skoog basal medium with Gamborg's
vitamins; PIP, plasma membrane intrinsic protein; RACE, rapid
amplification of ¢DNA ends; RT-PCR, reverse transcription-
coupled PCR; TIP, tonoplast intrinsic protein.
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scutellar epithelium). To understand the multiple roles that
aquaporins play in plants, we will have to catalog them
and study their expression patterns.

In plant cells aquaporins are found in the plasma mem-
brane and in the vacuolar membrane (tonoplast) (Hofte et
al., 1992; Kammerloher et al.,, 1994; Daniels et al., 1996;
Robinson et al., 1996) and we refer to them as PIPs and
TIPs, respectively (see Chrispeels and Maurel, 1994). A few
plasma membrane and tonoplast aquaporins have been
described and there is some evidence that individual genes
are usually not expressed throughout the entire plant and
that expression is sometimes enhanced or triggered by
environmental stimuli. For example, promoter-GUS fu-
sions showed that At-yTIP is expressed primarily in roots
but also in leaves, bolts, and flowers (pedicel) (Ludevid et
al,, 1992), whereas the expression of At-8TIP, which is
especially high in the vascular system of the shoot, is barely
detectable in the root (Daniels et al., 1996). The expression
of At-yTIP appears to be associated with cell elongation
(Ludevid et al,, 1992; Phillips and Huttly, 1994).

Genes encoding PIPs are also differentially expressed.
Promoter-GUS fusions with At-PIP1b (AthH2) showed ex-
pression in root tips, cotyledons, and newly formed organs,
with high expression in the vascular system. This aqua-
porin is expressed at much higher levels in the guard cells
compared with the other epidermal cells (Kaldenhoff et al.,
1995). Expression of At-RD28, a plasma membrane aqua-
porin, is much higher in shoots than in roots (Daniels et al.,
1994).

Some environmental factors enhance the expression of
aquaporins. For example, At-RD28 was first identified in a
c¢DNA library of water-stressed Arabidopsis plants
(Yamaguchi-Shinozaki et al.,, 1992), and a related MIP, not
yet shown to be a water-channel protein, is induced in
water-stressed pea (Pisum sativum) plants (Guerrero et al.,
1990). Yamada et al. (1995) identified a number of salt-
repressed MIPs in Mesembreanthemum crystallinum. All of
these results suggest that plants modulate the abundance
of aquaporin mRNAs in their tissues. Such modulation of
aquaporin abundance and regulation of aquaporin activity
by phosphorylation (Maurel et al., 1995) may be the major
ways that plant cells alter their membrane permeability to
water and transcellular water flow.

In this article we describe the MIP gene family of Ara-
bidopsis as consisting of at least 23 members, comprising
three major subfamilies according to their amino acid se-
quence. The mRNA levels of the individual genes were
investigated in different organs of Arabidopsis. We also
report the water-channel activity of At-PIP3, a new aqua-
porin that is highly expressed in Arabidopsis suspension-
cultured cells, and of At-NLMI, a new aquaporin in a new
subgroup of plant MIPs.

MATERIALS AND METHODS
Database Searches

Arabidopsis ESTs in the EMBL database were searched
with the TFASTA program (Pearson et al., 1988) using the
amino acid sequences of At-yTIP or At-RD28. From both
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searches, 174 hits with significant similarity to the query
sequences were further analyzed. In a first step, the EST-
DNA sequences were compared with published full-length
DNA sequences of Arabidopsis MIP genes; transcripts of
the same gene could be identified using the program GE-
LOVERLAP (Genetics Computer Group, Madison, WI)
with the following parameters: identity = 0.98, overlap
size = 40. In a second step, these clusters and the remaining
EST sequences were individually tested using the pro-
grams FASTA and GAP (Genetics Computer Group). Fi-
nally, only those cDNA sequences were taken as transcripts
of individual genes that overlapped with all of the other
genes or partial cDNAs but were obviously not identical to
one another.

At-NLM1, which was not identified using the computer
analysis described above, was identified from a list of
nonredundant ESTs by Cooke et al. (1996), and a full-length
clone was isolated using the RACE technique (see below).

Cell-Suspension Culture

An Arabidopsis thaliana (var Columbia) cell-suspension
culture (Axelos et al., 1992) was maintained at 25°C with a
16-h photoperiod and under constant agitation (120 rpm).
Subculturing was performed every 7 d by adding 10 mL of
the suspension to a 250-mL flask containing 60 mL of
Gamborg’s B5 basal medium with minimal organics (Sig-
ma), 20 g/L of Suc, and 2.5 uM 2,4-D.

Plant Growth and RNA Extraction

Roots, rosette leaves, bolts, flowers, and siliques were
harvested from A. thaliana grown for 5 to 6 weeks on soil,
as described by Daniels et al. (1994). The effect of ABA, salt,
or osmotic stress and etiolation or drought were measured
in 2-week-old Arabidopsis seedlings grown on MS agar
(0.8%, Sigma) plates; seeds were sterilized subsequently in
50% ethanol for 1 min and in 50% bleach and 0.1% Tween
20 for 10 min. The seeds were washed five times by low-
speed centrifugation with sterile water and finally resus-
pended in sterile water. The sterile seeds were pipetted
onto a sterile nylon membrane that was laid on the MS
agar. The seeds were vernalized in the cold room for 2 d
and then transferred to room temperature with long day-
light (16-h light/8-h dark). The seedlings were grown ver-
tically for 12 to 14 d. For hormone or stress treatment, the
nylon membranes carrying the seedlings were transferred
onto a new MS agar plate containing 0.1 mm ABA, 0.3 M
Na(l, or 0.3 M mannitol. The seedlings were grown for
another 24 h, harvested, and stored in liquid nitrogen.
Drought stress was applied by leaving the nylon mem-
brane with the plants on the bench for 1 to 2.5 h.

Total RNA was extracted using Tip-20 columns (Qiagen,
Chatsworth, CA), according to the protocol of the manu-
facturer. Poly(A™) RNA was isolated from total RNA using
the poly(A™)Tract kit (Promega) following the instructions
of the manufacturer.
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Identification of MIP cDNAs by RT-PCR

cDNA was synthesized from 1 to 5 pg of total RNA using
oligo(dT),,_1s as a primer and Moloney murine leukemia
virus reverse transcriptase (GIBCO-BRL). MIP-specific
cDNAs were amplified in a 50-pL reaction mixture con-
taining 2 uL of cDNA, 1X PCR buffer (Perkin-Elmer), 0.2
mM deoxyribonucleotide triphosphate (each), 50 uM TIP2
primer  (5'-GG[AT]CC[ACT][AG]JCCCA[AG]TA[ACG]A
[CTICCA -3'), 50 uM TIP4 primer (5'-CA[CT]GT[GT]A-
A[CT]CC[AT]GC[ATIGT[GT]AC-3’), and 1 unit of Ampli-
Tag DNA polymerase (Perkin-Elmer). Amplification was
done for 30 cycles at 95°C for 60s, 55°C for 60s, and 72°C for
90s. The reaction products were separated on a 2% agarose
gel, and visible bands of the expected size (about 422 bp for
TIPs and 452 bp for PIPs) were eluted and subcloned into
a pCRII vector using the TA-cloning kit (Invitrogen, San
Diego, CA).

c¢DNA Cloning of NLM1

A NLMI full-length cDNA was obtained using the 5'/3’
RACE kit (Boehringer Mannheim). About 100 ng of polya-
denylated RNA was reverse-transcribed using 1 ug of
NLM1-specific antisense primer ATNODR3 (5'-CAAAG-
GCCATATACGAAG) derived from the 3’ nontranslated
region of EST clone 170P5T7 (GenBank accession no.
R65436, identical to VBVGF07), which lacks the 5’ end of
the coding region. The resulting cDNA was purified (PCR
purification kit, Qiagen) and polyadenylated according to
the protocol of Boehringer Mannheim. The tailed ¢cDNA
was amplified using a mixture of anchor primer and
oligo(dT)-anchor primer (provided with the kit) and 10 uM
nested NLMil-specific primer ATNODR2 (5'-GAAGG-
TGTGGTGAAAGTTG). A 900-bp PCR product was cloned
into pCRII (TA cloning kit, Invitrogen) and sequenced. The
DNA sequence on one side was identical to the 3’ end of
clone 170P5T7 and showed on the other end two putative
start codons on the same frame, which might represent the
start of the coding region. To minimize PCR amplification
errors, a new full-length NLM1 ¢cDNA was amplified, us-
ing Pfu polymerase (Stratagene) with proofreading activity
and 10 uM specific primers to the 5 and 3’ noncoding
regions (ATNODEF3B: 5'-CCGGATCCGTTCAATCCTTT-
TCCTCTTC; ATNODR4B: 5'-CCGGATCCGAAGGTGTGG-
TGAAAGTTG), incorporating BamHI sites on both ends,
and subcloned into the BamHI site of pBluescript II SK+
(Stratagene). The ¢DNA source for this final PCR was
prepared from two independent RNA preparations from
the roots of 2-week-old light- or dark-grown Arabidopsis
seedlings, respectively. The ¢DNA sequence of the two
independently generated cDNA clones was fully identical.

Osmotic Water Permeability Assay

Fully grown oocytes (stages V and VI) were isolated
from Xenopus laevis and incubated in Barth’s solution (88
mM NaCl, 1 mm KCl, 2.4 mm NaHCO,, 10 mm Hepes-
NaOH, 0.33 mm Ca[NO;],, 0.41 mm CaCl,, and 0.82 mm
MgSO,, pH 7.4) as described previously (Cao et al., 1992).

In vitro transcripts (1 mg/mL) or nuclease-free water in 50
nL were injected and the oocytes were kept at 18°C.

Three days after injection the oocytes were transferred
from Barth’s solution (200 mosmol) to the same solution
diluted to 40 mosmol with distilled water. Changes in cell
volume were followed with a microscope by taking pho-
tographs at 5-s intervals. The images were captured (NIH
Image software, National Institutes of Health, Bethesda,
MD), the oocyte surface areas were calculated using a
program designed in the laboratory of J.E. Hall (Depart-
ment of Biophysics and Physiology, University of Califor-
nia, Irvine), and they were used for the calculation of
oocyte relative volume. The osmotic permeability coeffi-
cient (Pf) was calculated using the equation:

Pf = Vd[V/V,Jdt) /(S X V [Osmy, — Osmigyl),

where the initial volume (V) = 9 X 107% cm?, the initial
oocyte surface area (S) = 0.045 cm?, and the molar volume
of water (V,,) = 18 cm®/mol (Zhang and Verkman, 1991).

Slot-Blot Analysis

Plasmids for each type of MIP gene were either from our
laboratory or obtained from the Arabidopsis Biological
Resource Center (Ohio State University, Columbus) or
from Institut National de la Recherche Agronomique (Ver-
sailles, France). For unpublished sequences, the GenBank
accession number is given throughout the text. Slot blots
(Schleicher & Schuell) on nylon membranes were prepared
with 100 ng of plasmid in 100 uL of Tris-EDTA buffer. The
membrane with the plasmid DNA was denatured by trans-
ferring for 3 min onto filter paper soaked in 0.5 M NaOH
with 1.5 M NaCl. The membrane was neutralized for 5 min
on filter paper, soaked in 1 M Tris-HCI (pH 7.5) with 1.5 M
NaCl, and washed for 30 s in 2X SSC (1x SSC = 0.15 M
NaCl and 0.015 M sodium citrate). The membrane was
baked for 30 to 60 min at 80°C in a vacuum oven. Prehy-
bridization and hybridization were carried out at 42°C in
50% formamide, 2% blocking reagent (Boehringer Mann-
heim), 5x S5C, 0.1% SDS, and 0.02% sarcosyl. Digoxigenin-
labeled cDNA was synthesized using 10 pg of total RNA in
the reaction mixture described for RT-PCR above, in which
the unlabeled nucleotides were replaced with 2.5 uL of the
digoxigenin DNA-labeling mixture (Boehringer Mann-
heim), and denatured by boiling prior to the addition of the
hybridization solution. After an overnight hybridization
the membranes were washed once in 1X SSC with 0.1%
SDS for 15 min at room temperature and twice in 0.1X SSC
with 0.1% SDS at 68°C for 15 min. Hybridized ¢cDNA was
detected using the chemiluminescence of CSPD (Boehr-
inger Mannheim) according the manufacturer’s instruc-
tions. X-ray films were exposed from 10 min to several
hours. The signals were scanned and quantified using the
NIH image 1.58 software.

Quantitative PCR

Quantitative PCR was performed as described by Weig
and Komor (1996). One microgram of total RNA together
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with 10° copies of AW109 RNA (Perkin-Elmer) was
reverse-transcribed into ¢cDNA in a 50-ul reaction (see
“Identification of MIP cDNAs by RT-PCR” above). From
this cDNA pool, specific fragments of At-RD28, At-yTIP,
At-8TIP, At-NLMI, and B-tubulin-4 were amplified with
gene-specific primers over 25 cycles (At-RD28, At-yTIP,
and At-8TIP) or 30 cycles (At-NLM1 and B-tubulin-4). The
six-step PCR profile was 95°C (ramp, fast; hold, 30 s), 50°C
(ramp, 120 s; hold, 30 s), and 72°C (ramp, 30 s; hold, 60 s).
A short stretch of the synthetic control RNA AW109 was
simultaneously amplified with the primers DM151 and
DM152 (Perkin-Elmer). Gene-specific primers were At-
YIIP (forward: 5'-GCATGCCGATCAGAAACATC; re-
verse: 5'-TCAGTAGTCTGTGGTTGG), At-8TIP (forward:
5'-GCTTACCTCGCTGAGTTC; reverse: 5'-GACAGTGTA-
GACCAAAGCGAAGG), At-RD28 (forward: 5'-CACAAA-
GCAAAACACTTACG; reverse: 5'-CACCAAACTTACATA-
CG), and At-NLM1 (forward: 5-TCTTGGAACCTACTTT-
TTGG; reverse: 5'-GAAGGTGTGGTGAAAGTTG).

RESULTS
Identification of At-PIP3 as a Functional Aquaporin

All aquaporins that have been characterized have a pre-
dicted topology, with six membrane-spanning domains
connected by five loops and short N-terminal and
C-terminal domains in the cytoplasm. A comparison of
their amino acid sequences showed the presence of two
conserved sequences: HVNPAVT in the cytoplasmic loop
between transmembrane domains 2 and 3 and WVYWVGP
in the sixth transmembrane domain (for the most recent
review of the MIP family, see Park and Saier, 1996). These
conserved amino acids were used to design degenerate
oligonucleotide primers for RT-PCR. Using these oligonu-
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cleotides with mRNA from suspension-cultured Arabidop-
sis cells, we obtained a clone with a 0.42-kb insert. Nucle-
otide sequencing showed that it encoded a portion of an
MIP protein and that the same cDNA was present in the A.
thaliana EST database (accession no. T21533). The complete
nucleotide sequence and the derived amino acid (Fig. 1A)
indicate that this is a typical member of the MIP family.
The actual amino acid sequences corresponding to the
conserved region that were used to construct the degener-
ate oligonucleotides are underlined in Figure 1A. In the
first underlined sequence six of the seven amino acids are
identical, and in the second one, five of the seven amino
acids are identical to the sequence defined by the nucleo-
tide primers. Because of its close relationship to the PIP1
and PIP2 families (68.0 and 77.5% identity at the amino acid
level to PIPla and PIP2a, respectively), we have named it
PIP3, although we do not yet have evidence that it is a PIP.

To find out whether PIP3 is an aquaporin, the cDONA was
cloned in a vector for in vitro synthesis of cRNA, and the
cRNA was injected into X. laevis oocytes. Three days later
the oocytes were used for swelling assays by exposing
them to a hypotonic solution (Fig. 2). The presence of PIP3
in the oocytes increased the osmotic permeability coeffi-
cient (Pf) of the oocyte plasma membrane from 2.0 X 1072
t011.1 X 10"* em s

The Arabidopsis MIP Gene Family

The search for Arabidopsis entries in the EST database
with the At-yTIP and At-RD28 amino acid sequences led to
the identification of more than 170 entries with similarity to
plant TIPs and PIPs. Multiple sequence analysis and in-
spection of overlapping cDNA regions resulted in the iden-
tification of cDNA clones of individual genes representing

Figure 1. Nucleotide and deduced amino acid A B
sequence of PIP3 ¢cDNA (A) and NLM1 cDNA 1 ” o) STTCANTCCTTTICCICITCITICIT TATS
(B). The full-length clone of PIP3 was obtained 51 ce 6 *
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Figure 2. Time course of osmotic swelling of individual oocytes
injected with water or with At-PIP3 mRNA 3 d prior to the shift to
lower osmolarity.

22 different gene transcripts (including PIP3). By compar-
ing nonredundant sequence tags with databases, Cooke et
al. (1996) identified a partial cDNA clone, VBVGF07, from
Arabidopsis as a close homolog to a MIP from rice (Oryza
sativa L.). By repeating the database search, we found that
the proteins encoded by this Arabidopsis sequence and the
rice cDNA sequence are also very similar to Gm-NOD26
but are only distantly related to other Arabidopsis PIPs and
TIPs. Since no full-length clone identical to VBVGF07 could
be identified in the EST databases, we obtained a full-
length ¢<DNA clone from Arabidopsis using the RACE
method and provisionally named it At-NLM1 (Fig. 1B). The

1 LKDRVEHQOEMERT HNEREFKKOfsLLs Vi@
1 BADYSAGTESQE KNTSETHORSBsEv

1 SKEVSEGKTHHG PRA LAV S]]
1 E REEL

DV.@GPDGFQT EDigP|

At-NLM1
Gm-NOD26
At-PIP3
At-RD28
At-yTIP
At-3TIP

At-NLM1
Gm-NOD26
AL-PIP3
At-RD28
At-yTIP
At-8TIP

At-NLM1
Gm-NOD26
At-PIP3
At-RD28
At-yTIP
At-3TIP

At-NLM1
Gm-NOD26
At-PIP3
At-RD28
At-yTIP
At-8TIP

At-NLM1
Gm-NOD26
At-PIP3
At-RD28
At—yTIP
At-8TIP

deduced amino acid sequence shows 64.2% identity to
NOD?26 from soybean (Fortin et al., 1987), but only 31.1 and
29.9% identity to PIP3 (this study) and yTIP (Hbfte et al.,
1992), respectively.

An amino acid sequence alignment of NLM1 to known
plant MIPs (Fig. 3) shows a hydrophilic N-terminal tail
with approximately the same number of negative and pos-
itive charges as found in PIPs. The C-terminal tail, how-
ever, has two negative charges and is more similar to plant
TIPs. Unique to the NOD26/NLM1 subgroup is a highly
conserved Cys residue in or close to the end of the first
putative transmembrane domain. It is interesting that the
NPA motifs, characteristic for the MIP family, are not fully
conserved in NLM1. The second NPA motif reads NPG in
NLM1 (identical in both independently isolated NLM1
clones) and is not found in any of the other published
MIPs. We injected At-NLM1 cRNA into X. laevis oocytes to
test whether the protein has water-channel activity. The
oocyte swelling assays clearly showed that A-NLMI en-
codes an aquaporin that is as active as other aquaporins,
although we cannot rule out other transport activities such
as ion transport. The presence of At-NLMI in X. laevis
oocytes increased the value of the osmotic permeability
coefficient of the plasma membrane from 3.0 X 107% to
16.4 X 1072 cm s~ 1. To find additional MIPs, we carried out
RT-PCR with oligonucleotides designed for PIPs and TIPs
(see “Materials and Methods”) with mRNA from A. thali-
ana plants. This search yielded only one new MIP, clone
pCRS55.

On a dendrogram, all of these MIP ¢cDNAs cluster into
three groups: the tonoplast aquaporins (e.g. At-oTIP, At-
¥TIP, and At-86TIP) form one large group and the plasma
membrane aquaporins (e.g. At-PIPla, At-PIP1b, At-PIPlc,

Figure 3. Comparison of At-PIP3 and At-NLM1
protein sequences with other Arabidopsis aqua-
porins and with NOD26 from soybean. identical
amino acid residues in at least three of the six
sequences are shaded in black and similar
amino acids are shaded in gray. Spaces were
introduced to achieve optimal alignment. The
numbering refers to the respective amino acid
sequence. PIP3 and NLMT1 are from this study;
for other sequences, see Figures 4 and 6.

IPARSFGRIAV
RS F(}gl—\‘v
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plasma membrane

tonoplast

| 4

Figure 4. Amino acid sequence relationship of the 23 members of
the A. thaliana MiP gene family. Continuous lines connect those
MIPs for which the complete cDNA sequence has been determined.
Dashed lines connect only partially sequenced MIP cDNAs. Boxes
indicate the MIPs that were identified as aquaporins. The bars on the
right stand for the (putative) subcellular localization. The subcellular
localization of At-NLM1 is not known. PIP1a, PIP2a, and PIP2b
(Kammerloher et al., 1994); PIP1b is identical to TMP-A (Shagan and
Bar-Zvi, 1993) and AthH2 (Kaldenhoff et al., 1993); PIP1c (Kammer-
loher et al., 1994} is identical to TMP-B (Shagan et al., 1993); TMP-C
(Kinoshita et al., 1994); pCR55, NLM1, and PIP3 (this study); RD28
(Yamaguchi-Shinozaki et al., 1992); «-TIP and y-TIP (Héfte et al.,
1992); B-TIP (H. Hofte and M.). Chrispeels, unpublished data); 6-TIP
(Daniels et al., 1996); T04164, T22419, T76151, Z30833, TT21060,
T20432, 218142, T21742, and T22237 (GenBank accession nos.).
The experiment was performed three times and the results varied less
than 10%.

At-PIP2a, At-PIP2b, and At-RD28) form the other large
group, whereas At-NLMI1 is on a branch by itself (Fig. 4).
An amino acid sequence alignment of full-length TIPs and
PIPs shows that TIPs exhibit three gaps compared with
PIPs in hydrophilic loops between transmembrane do-
mains 3/4, 4/5, and 5/6, that TIPs are more heterogeneous
than PIPs, and that TIPs have a shorter N-terminal cyto-
plasmic tail.

Relative Abundance of MIP mRNA in Different Organs

Aquaporins enhance the hydraulic conductivity of mem-
branes and may be involved in long-distance and short-
distance transcellular water flows, as well as in the osmotic
adjustments between the vacuole and the cytosol or the
cytosol and the apoplast. We do not yet know whether all
of the 23 MIP sequences identified to date are aquaporins,
but the 10 Arabidopsis proteins tested so far have proven
water-channel activity. It is our assumption that most, if
not all, of the others will also turn out to be water channels.
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To identify the most abundantly expressed sequences, we
measured the amount of individual mRNAs of 22 different
genes by slot-blot analysis (Fig. 5). With this method, the
entire mRNA population of one tissue is reverse-
transcribed and labeled as ¢cDNA and used as the probe
under high stringency. Since the specific target DNA is
present in molar excess as slots on a membrane, we can
assume that binding of a specific probe is directly corre-
lated with the concentration of the original mRNA. There-
fore, abundant mRNAs result in intense signals after slot-
blot hybridization.

To compare signals from the slot blots of different or-
gans, all signals were normalized against the B-tubulin-4
mRNA (Marks et al., 1987). This B-tubulin mRNA is ex-
pressed in all organs, although not at exactly the same
level. Therefore, the relative amount of p-tubulin-4 mRNA
was determined by quantitative PCR using an internal
standard and was set at 1 for leaves, 0.539 for roots, 0.771
for bolt tissue, and 0.387 for reproductive organs (flowers
and siliques). The most abundant mRNAs (about 10- to
20-fold of B-tubulin-4 mRNA) are those for the PIP1 and
PIP2 plasma membrane aquaporins. This result is in agree-
ment with the work of Kammerloher et al. (1994), who
isolated PIP1 and PIP2 cDNAs by using antibodies against
abundant plasma membrane proteins of roots. At-PIP3,
which also encodes an active aquaporin, is very abundant
in flowers and siliques of Arabidopsis. Abundant TIP iso-
forms are At-yTIP and At-8TIP, already identified aqua-
porins (Maurel et al,, 1993; Daniels et al.,, 1996), but the
mRNA of four other MIPs (230833, T21060, Z18142, and
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Figure 5. Relative amount of MIP mRNAs in different tissues of A.
thaliana determined by slot-blot analysis. The relative expression
levels of 22 putative TIPs and PIPs were normalized against
B-tubulin-4 mRNA (AT58). At-NLM1 was discovered after this exper-
iment was done and is not shown here. PIP and TIP denote the
putative subcellular localization in the plasma membrane and tono-
plast, respectively.
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T22237) are equally abundant. Especially in leaves, T22237
seems to be the most abundant TIP. Most of the other MIP
transcripts were found in at least two, but often in all,
organs included in this survey.

The level of mRNA for At-PIP3 in tissue culture cells was
compared with that of all known and fully sequenced
aquaporins using the same slot-blot method. It was found
to be more highly expressed in cultured cells than in any of
the eight fully sequenced and previously known Arabidop-
sis aquaporins. Transcripts for some MIPs, however, could
not be detected using slot-blot analysis. This is probably
due to their low transcription rate, an assumption that is
supported by the observation that the respective cDNA
sequences were found only a few times in the EST database
(e.g. only one entry for At-aTIP or At-BTIP), whereas abun-
dant MIPs were found up to 50 times. However, each of the
rare MIP cDNAs were cloned independently several times,
indicating that they are not sequencing artifacts but low-
abundance transcripts of MIP genes.

Quantitative PCR of At-NLM1 Expression

At-NLM1 is a newly identified aquaporin that is ex-
pressed at relatively low rates in Arabidopsis. Since At-
NLM]1 is the sole member of a third subgroup of Arabi-
dopsis MIPs, we were interested in the quantitative data on
the expression of this particular gene. Because of the rela-
tively low expression rate of At-NLMI1, we performed
quantitative PCR analysis for At-NLM1 and compared it
with At-yTIP, At-8TIP, and At-RD28 (Fig. 6), which have
been investigated in detail in our laboratory (Ludevid et
al., 1992; Daniels et al., 1994, 1996). ABA, NaCl, etiolation,
and desiccation did not have much influence on the levels
of mRNA for At-yTIP, At-8TIP, and At-RD28. The applica-
tion of osmotic stress by adding 0.3 M mannitol to the
growth medium dramatically reduced the mRNA tran-
script of these three genes. In contrast, transcription of
At-NLM1 is strongly affected by ABA, NaCl, and etiolation
but not very much by growth on mannitol (Fig. 6). The
amount of an amplified control RNA (AW109) used as an
internal standard was nearly identical in all of the experi-
ments, indicating uniform PCR efficiency in all samples.

DISCUSSION
Why Are There So Many Aquaporins?

The recent discovery that the membranes of plant cells
contain aquaporins (water-channel proteins) is shedding
new light on the processes of transmembrane and transcel-
lular water movement. Indeed, this discovery has changed
how we envisage the control of water transport in plants.
Aquaporins belong to the family of MIP proteins, and we
report here that Arabidopsis contains no less than 23 ex-
pressed MIP genes, eight of which had previously been
identified as active aquaporins of the plasma membrane
and the tonoplast. The presence of so many actively tran-
scribed MIP genes, most of which could turn out to be
aquaporins, compels us to ask the following questions: (a)
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Figure 6. Ethidium bromide-stained agarose gel of quantitative PCR
analysis of At-aTIP (A), At-8TIP (B), At-RD28 (C), and At-NLM1 (D).
Arabidopsis seedlings were grown for 2 weeks on MS medium and
then transferred to MS medium containing ABA, NaCl, or mannitol as
indicated or grown for 2 weeks in darkness. Drought stress was
applied by leaving the seedlings for the indicated time on the bench
in the laboratory. Two micrograms of total RNA and synthetic control
RNA was reverse-transcribed and amplified as described in “Materi-
als and Methods.” The amplification efficiency in each reaction was
monitored through the amplification of a fragment of the synthetic
mRNA AW109. The relative intensity of specific MIP fragments was
determined densitometrically, normalized using the AW109 PCR
product, and then set to 100% for control seedlings. The percentage
of PCR product compared with that of the control is given for each
treatment. The identical RNA pool was used for all experiments. The
experiment was repeated twice. The photographs of ethidium
bromide-stained gels were inversed for better reproduction of the
image.
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Why does a plant have so many aquaporins? (b) Are there
functional differences between the proteins themselves or
in the manner of their regulation? Aquaporins are known
to occur in the tonoplast and the plasma membrane, and
the derived amino acid sequences of new MIPs allowed us
to postulate their subcellular location based on compari-
sons with proteins for which the location has already been
determined. On a dendrogram, most of the Arabidopsis
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sequences fall into two large groups: TIPs and PIPs. At
least one reason why there are so many MIPs is that half
are probably in the plasma membrane and the other half
are in the tonoplast.

NLMT1 Is the First Member of the Third Subgroup of
Aquaporins in Arabidopsis

One advantage of EST random sequencing is that more
distantly related cDNAs of a gene family can be identified
by computational methods. This approach circumvents the
problems encountered with in vitro experiments, such as
library screening with labeled probes or RT-PCR with de-
generated primers; these approaches detect closely related
sequences more easily than distant ones. Computational
sequence comparison of EST clones performed by Cooke et
al. (1996) identified one Arabidopsis gene to be closely
related to an rMIP1 from rice (Liu et al., 1994). The Arabi-
dopsis homolog NLMI1 clusters together with rMIPI,
NOD26 (Fortin et al., 1987), and a third homolog from
Persian tobacco (Nicotiana alata; GenBank accession no.
U20490) into a distinct subgroup within the MIP dendro-
gram (Fig. 7). The Escherichia coli AQPZ (Calamita et al.,
1995) lies on the same branch of this tree. Most of the
sequence characteristics of the third subgroup (see above)
are also found in Ec-AQPZ, including the highly conserved
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Figure 7. Phylogenetic tree of plant, human, and bacterial MIPs.
Protein sequences were aligned using the Genetics Computer
Group’s PILEUP program and the tree was calculated using Genetics
Computer Group’s DISTANCES and GROWTREE programs. Multiple
substitutions were corrected using the Kimura method. The bar rep-
resents 100 substitutions per 100 amino acids. For At-NLM1 and
At-PIP3 (this study), At-PIP1a, At-PIP2a, At-aTIP, At-yTIP, and At-
dTIP, see Figure 3. Ec-GLPF (Weissenborn et al., 1992), Ec-AQPZ
(Calamita et al., 1995), Gm-NOD26 (Fortin et al., 1987), Os-rMIP1
(Liu et al., 1994), Na-U20490 (Newbigin, GenBank accession no.
U20490), Hs-AQP1 (Preston and Agre, 1991), Hs-AQP2 (Deen et al.,
1994), Hs-AQP3 (Ishibashi et al., 1995), Hs-AQP4 (Lu et al., 1996),
and Hs-AQP5 (Lee et al., 1996).
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Cys residue at the end of the first hydrophobic domain.
The identification of a third subgroup of MIP genes in four
plant species (one monocotyledon and three dicotyledons)
allows us to ask new questions. From the growing number
of reports of TIPs and PIPs in plants we can assume that
each plant species has these proteins, but is this also true
for the NLM1 subgroup? What is the transport specificity
of these proteins? NOD26 has been reported to be an ion
channel when reconstituted in liposomes, and more recent
reports have shown its aquaporin activity (Chandy et al,,
1996; Rivers et al., 1996). NLM1 is also a water-channel
protein, but we do not know whether this is its sole trans-
port activity. The rat AQP protein transports not only
water but also urea and glycerol, and protein sequence
comparisons of this human isolog show that it lies outside
of the aquaporin group and is more closely related to
Ec-GLPF, the glycerol facilitator from E. coli (Fig. 7). We do
not know in which subcellular compartment NLM1 is lo-
cated and we cannot rule out the possibility that it may be
located in the ER, the chloroplast envelope, or some other
intracellular membrane. Its location may give us additional
clues regarding the physiological role of the third sub-
group of plant aquaporins.

Transmembrane water flow is likely to be important in
many physiological processes, including the transpiration
stream, phloem loading, stomatal opening, pulvinar move-
ment, and osmotic adjustments. It would be to the plant’s
advantage to be able to regulate such water flow by mod-
ulating the abundance or the activity of water channels.
This may be the second reason why so many different
aquaporins are needed. Evidence is accumulating that in-
dividual aquaporins are differentially expressed in certain
cell types, tissues, or organs (see the introduction). A sim-
ilar situation is encountered with plasma membrane H™-
ATPases: Arabidopsis has at least 10 expressed AHA genes
and some of those are uniquely expressed in certain cell
types. For example, AHA10 is expressed primarily in de-
veloping seeds (Harper et al., 1994), AHA3 is expressed in
the phloem of the root and the shoot (DeWitt et al., 1991),
and AHA? is expressed in the root epidermis (J. Harper,
personal communication).

All MIPs Are Not Equally Expressed

To determine the expression levels of all MIPs simulta-
neously, we used an RNA-blot technique in which the
plasmid DNA is attached to the membrane and the RNA is
labeled. The slot-blot technique, as used here, is a useful
method to measure relative amounts of many mRNAs
simultaneously, but it has certain limitations. First, differ-
ent mRNAs have different nucleotide compositions and
therefore the amount of digoxigenin incorporated during
the labeling reaction varies. Second, the plasmids fixed on
the nylon membrane were mostly full-length clones but
varied from about 850 to 1100 bp in length; the signals
obtained with clone pCR55 were multiplied by 3 because
this cDNA fragment covers only one-third of the putative
full-length cDNA. When making a comparison between
different experiments, these limitations do not need to be
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taken into account because they apply to all experiments in
the same manner. It is more important to normalize the
intensities of each slot so that different blots can be com-
pared. For this, we determined the relative intensity of the
B-tubulin-4 mRNA in all of the organs and then adjusted
the overall measurement of each slot according to these
values. The measurement of gene expression on all genes
simultaneously makes it possible to distinguish, in a first
approach, abundant from nonabundant MIP mRNAs. Un-
der the stringent hybridization conditions used here (hy-
bridization in 50% formamide; washing at 68°C in 0.1X
SSC), there is unlikely to be cross-hybridization between
the different genes. The highly divergent signal intensities
confirm this assumption. These signal intensities are also
related to the number of times a sequence appears in the
EST database: very weakly expressed genes are repre-
sented by very few independent accessions.

Sixteen of the 23 identified MIP transcripts represent
more than 98% of aquaporin-related messages in Arabi-
dopsis. The remaining 2% are encoded by 7 other MIP
genes that are present at barely detectable levels in plants
grown under laboratory conditions. These MIPs may have
important roles in specific nonabundant cell types or may
be up-regulated under certain environmental conditions.
Mesophyll cells are the most abundant in leaves, and this
may be where the highly expressed PIP1 subgroup is
mainly found. Immunocytochemical observations show
that PIP1 is present in the multivesicular bodies and
plasma membranes of mesophyll cells (Robinson et al.,
1996). In roots the PIP1 and PIP2 subgroups are both abun-
dant, but this is not the case in shoots, where PIP2 se-
quences are poorly represented. Are these differences in
expression related to different cellular controls of water
flow? Leaves contain large intercellular spaces filled with
water-saturated air. Such a compartment is absent in roots.
As a result of such morphological differences, we can imag-
ine that different aquaporins, the activity of which can be
regulated in different ways, could be required for water
flow through the root cortex into the vascular system and
out of the leaves.

Aquaporin Activity May Be Differentially Regulated

Although the hydraulic conductivity of tissues could be
regulated by changing the level of specific aquaporins,
alternatively, regulation could be exerted posttranslation-
ally by changing the activity of aquaporins. The seed-
specific aquaporin «-TIP has been shown to be regulated
by phosphorylation (Maurel et al., 1995). Regulation by
phosphorylation has also been proposed for GmNOD26
(Lee et al., 1995) and for a spinach (Spinacia oleracea L.)
plasma membrane MIP (Johansson et al., 1996), recently
shown to be an aquaporin (L. Johansson and M.J.
Chrispeels, unpublished data). Protein phosphorylation is
already known to be an important regulator of drought
stress, and drought stress signaling probably involves a
MAP-kinase cascade (Urao et al., 1994; Jonak et al., 1996;
Mizoguchi et al, 1996; Shinozaki and Yamaguchi-
Shinozaki, 1996). Thus, it will be most interesting to find

out whether this cascade has aquaporins as a downstream
target.

Whether the different aquaporins and other MIPs differ
in their transport properties is not known. Individual aqua-
porins may differ in their water-transport efficiency, but
this property is difficult to measure in oocytes, because it
requires us to know that the same number of active mole-
cules are present at the plasma membrane of two oocytes
injected with mRNAs for two different aquaporins. Alter-
natively, some aquaporins may transport solute molecules
in addition to water. This appears to be the case for AQP3,
a mammalian aquaporin that also transports glycerol.
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