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Seawater-strength salt stress of the ice plant (Mesembryanthemum crystallinum) initially results in wilting, but full turgor 
is restored within -2 days. We are interested in a mechanistic explanation for this behavior and, as a requisite for in-depth 
biochemical studies, have begun to analyze gene expression changes in roots coincident with the onset of stress. cDNAs 
that suggested changes in mRNA amount under stress were found; their deduced amino acid sequences share homolo- 
gies with proteins of the Mip (major intrinsic protein) gene family and potentially encode aquaporins. One transcript, 
MipB, was found only in root RNA, whereas two other transcripts, MipA and MipC, were detected in roots and leaves. 
Transcript levels of MipB were of low abundance. All transcripts declined initially during salt stress but later recovered 
to at least prestress level. The most drastic decline was in MipA and MipC transcripts. MipA mRNA distribution in roots 
detected by in situ hybridization indicated that the transcript was present in all cells in the root tip. In the expansion 
zone of the root where vascular bundles differentiate, MipA transcript amounts were most abundant in the endodermis. 
In older roots, which had undergone secondary growth, MipA was highly expressed in cell layers surrounding individual 
xylem strands. MipA was also localized in leaf vascular tissue and, in lower amounts, in mesophyll cells. Transcripts 
for MipB seemed to be present exclusively in the tip of the root, in a zone before and possibly coincident with the develop- 
ment of a vascular system. MipA- and MipB-encoded proteins expressed in Xenopus oocytes led to increased water 
permeability. mRNA fluctuations of the most highly expressed MipA and MipC coincided with turgor changes in leaves 
under stress. As the leaves regained turgor, transcript levels of these water channel proteins increased. 

INTRODUCTION 

Water supply under conditions of osmotic stress is crucial for 
turgor maintenance. A decline of turgor in aboveground 
meristems leads, at least temporarily, to growth retardation or 
arrest. Plants have evolved mechanisms to avoid water 
stress-related growth inhibition, seemingly by increasing cel- 
lular interna1 osmotic pressure by, for example, accumulating 
part of the assimilated carbon in an osmotically active form, 
such as sugars, polyols, amino acids, and secondary/tertiary 
amines (Yancey et al., 1982; McCue and Hanson, 1990; 
Delauney and Verma, 1993; Tarczynski et al., 1993). Such ac- 
cumulation, especially if it were rapidly inducible, would 
lead-in the absence of transpiratory water loss-to an in- 
creased osmotic potential in cells in which the accumulation 
of metabolites would occur. One may assume that additional 
mechanisms that regulate membrane resistance to water 
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movement between cells are at different osmotic levels. Such 
mechanisms might facilitate uptake in the root system and/or 
increase long-distance metabolite and water flux in the absence 
of transpiratory water losses to meristematic tissues. We are 
using a plant model, the common ice plant (Mesembryanthe- 
mum crystallinum), because in this halophyte the initial shock 
of an extreme lack of water and a subsequent recovery from 
water stress can be separated experimentally. 

Environmental stress in the ice plant during a specific win- 
dow in the plant's development elicits strong transcriptional 
induction of sets of genes whose translation products facili- 
tate adaptation of the plant to salt stress, drought, and low 
temperature (Bohnert et al., 1994; Cushman and Bohnert, 
1995). Not all stress responses can be elicited in young plants, 
and in old plants severa1 responses are constitutive, indicat- 
ing that the plant's developmental phase changes include the 
utilization of different biochemical pathways (Vernon and 
Bohnert, 1992; Cushman and Bohnert, 1995). In addition, not 
all stresses influence every pathway switch in a similar fash- 
ion (Vernon et al., 1993). All reactions to stress, however, lead 
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Figure 1. Nucleotide Sequences of MipA, MipB, and MpC Transcripts. 
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to similar changes in morphology and ultimately to flower evo- 
cation in this plant. We find salt stress by NaCl concentrations 
of seawater strength the most reliable trigger to bring about 
fast and reproducible changes in the plant’s gene expression 
and development programs and biochemical and physiologi- 
cal reactions. 

A sudden increase in NaCI, for example, to 400 mM in hydro- 
ponic tanks, leads to almost instantaneous loss of turgor. 
However, within <2 days, turgor is reestablished. This is in con- 
trast with the behavior of glycophytic plants under comparable 
severe stress. Part of the turgor restoration seems due to the 
induction of genes whose translation products promote the 
production of osmotically active substances, such as D-ononi- 
tol, o-pinitol (Vernon and Bohnert, 1992), and proline (Adams 
et al., 1992; Thomas et al., 1992), which accumulate mainly 
in growing tissues of the ice plant. Longer term responses in- 
clude the buildup of Crassulacean acid metabolism, due to 
the ability of the plants to utilize a stress-inducible phosphoenol- 
pyruvate carboxylase isoform as the primary COP-fixing 
enzyme at night (Cushman et al., 1989; Cushman and Bohnert, 
1995). Crassulacean acid metabolism is a strategy that reduces 
water loss. Another long-term stress-relieving mechanism may 
be seen in the appearance of epidermal bladder cells. Depo- 
sition of Na+ and CI- into the vacuoles of these cells permits 
continued water uptake in the absence of transpiration, which 
is restricted once the plants have switched to Crassulacean 
acid metabolism. However, the mechanisms by which the ini- 
tia1 loss of turgor is so rapidly overcome following salt shock 
remain to be identified. We have noted that concentrations of 
Na+ and CI- in excess of 1 M are found in the ice plant 
(Adams et al., 1992) and apparently do not constitute salt stress. 
We consider sodium compartmentation and osmolyte biosyn- 
thesis to be the response of the plant to the problem of water 
availability. This seems to be different from reactions of glyco- 
phytes to high concentrations of salt. 

Recently, genes have been described that are members of 
a large superfamily of transmembrane facilitators with the capa- 
bility of transporting a variety of small molecules, including 
water, across membranes (Pao et al., 1991; Reizer et al., 1993; 
Chrispeels and Agre, 1994). Members of the family were first 
detected in animals in which one protein makes up a major por- 
tion of the eye lens, leading to the term major intrinsic protein 

(MIP; Gorin et al., 1984). When involved in water transport, 
MlPs are termed aquaporins. In plants, related transcripts and 
proteins have been found that localize to the tonoplast mem- 
brane (Johnson et al., 1990; Hofte et al., 1992). For one of these, 
tonoplast intrinsic protein (TIP), a function in water transport 
has been demonstrated (Maurel et al., 1993). More recently, 
the existence of aquaporins has also been documented for 
the plasma membrane (Daniels et al., 1994; Kammerloher et 
al., 1994). These proteins could be involved in plant turgor main- 
tenance, whereas their homologs in animals seem to be 
involved in excretory functions (Preston and Agre, 1991; Fushimi 
et al., 1993; Zhang et al., 1993). We have obtained and charac- 
terized transcripts, some being only partial sequences, of 
members of afamily of MIP-related genes that function as wa- 
ter channels and show tissue-specific expression and transcript 
accumulation that are correlated with turgor recovery follow- 
ing salt-induced water stress. 

R ES U LTS 

Detection of Mip Homologs and Sequence 
Comparisons 

Differential screening of a root cDNA library from ice plants, 
which had been stressed by the addition of 400 mM NaCl to 
nutrient solution in hydroponic tanks, indicated that the rela- 
tive amounts of a number of transcripts changed under stress. 
Exploratory partial DNA sequence analysis of cDNAs (C.B. 
Michalowski, unpublished data) indicated that transcripts were 
present, with their products encoding transmembrane proteins 
of the MIP family. These proteins have been implicated in water 
and metabolite transport (Maurel et al., 1993; Reizer et al., 1993; 
Daniels et al., 1994; Kammerloher et al., 1994). Based on their 
homology with other sequences (Devereux et al., 1985), we 
tentatively termed these transcripts Mip, From root and leaf 
cDNA libraries, severa1 apparently full-length and partial 
cDNAs were subsequently characterized. They indicated that 
at least five different transcripts of this type exist in Mesembry- 
anthemum. Figure 1 shows the sequences of three transcripts. 
An abundant transcript, MipA, encodes a reading frame of 281 

Figure 1. (continued). 

MipA and MipB are full-length transcripts; MipC is a partial DNA sequence. Sequence analysis indicated the presence of six putative transmem- 
brane regions with the sequence signature of MIP identified by the Genetics Computer Group program domain search. Excluding lhe poly(A) 
stretches, MipA is 1272 nucleotides long and MipB is 1267 nucleotides long. 
(A) An alignment of the three sequences is shown; the initiation codons of MipA and MipB and the three stop codons are underlined. Dots indicate 
gaps that distinguish the sequences and a portion that is not available from the partial sequence of MipC (EMBL and SwissProt accession num- 
bers: MipA, L36095; MipB, L36097; MipC, L36096). 
( E )  Alignment of deduced amino acid sequences of MIPA, MIPB, and MIPC for the ice plant (Mc) in comparison with the deduced amino acid 
sequence of the homologous protein RD28 from Arabidopsis (At) (GenBank accession number D13254/P30302; Yamaguchi-Shinozaki et al., 
1992). Underlined are proteins of the TIP family and amino acids that are conserved among the sequences shown. Dots indicate gaps introduced 
for alignment. ldentities at the leve1 of nucleotide and amino acid sequences, respectively, are as follows: MlPA and MIPB, 77.9 and 87.3%, respec- 
tively; MlPA and MIPC, 74.6 and 73.9%, respectively; MIPB and MIPC, 70.6 and 73.2%, respectively. 
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Figure 2. Evolutionary Relationships of the Ice Plant MIP with Channel Proteins and Metabolite Facilitators from a Variety of Organisms 

Protein sequences with EMBL and SwissProt accession numbers are identified by species abbreviation and a mnemonic description followed 
by the acceSSiOn number (within parentheses). Parameters employed for parsimony analysis, using PAUP, are described in Methods. The assign- 
ment of two subfamilies of plant sequences as tonoplast and plasma membrane channel proteins is based on the functional characterization 
and localization of some proteins. Ec-Glpfb (P11244), SF-Glpf (P31140), Ec-Glpf (U13915), Ec-Glpf (JU0022), St-Pduf (P37451), Rn-Aqp3 (L35108), 
Bs-Glpf (P18156), LI-Ydpl (P22094), Sp-Glpf (U12567), Sc-Fpsl (P23900), Gm-Nod26 (X04782), Gm-Nodd (JQ2286), Gm-Nod26c (P08995), Os-Mip 
(D17443), Hv-Tmp (S41194), Zm-Mp (X82633), PsTrg (X54357), Mc-Mipb (L36097), Mc-Mipd (U26537), Mc-Mipa (L36095), Le-Ramp (Q08451), At- 
Mp-Aba (S42556), AtTmp-A (X68293), At-Pmla (S44082), At-Pmlc (S44083), AtTmp-B (X69294), AtTmpC (D26609), At-Pm2b (S44085), AtTipw/RD28 
(P30302), At-Pm2a (S44084), Mc-Mipc (L36096), Mc-Mipe (U26538), PvTipa (P23958), PvTolb (PQ0185), AtTipa (P26587), Nt-Rb7-1% (P24422), 
Nt-Rb7-5a (P21653), Nt-Rb7 (S45406), Am-Mip (P33560), Hv-Gtip (X80266), Os-Rtip (D25534), At-Tip (X72581), At-Tipg (P25818), AtTipr (P21652), 
Gm-Nod26b (JQ2287), TrTip (229946), Ms-Mproot (L36881), Rn-Aqp4 (U14007), Rn-Hg-Sensch (L27588), Rn-Chip28 (JC1320), Rn-Chip28k (A44395), 
Rn-Aqpl (P29975), Rn-Chip28b (S37639), Rn-Chip28a (JT0749), Mm-Aqp (Q02013), Hs-Aqpl (P29972), Re-Aqpa (L24754), Bb-Mip26 (P06624), 
Rn-Lens (X53052), Hs-Mip26 (P30301), Rn-Aqpcd (P34080), Rn-Chip28c (JT0750), Rn-Kidney (L28112), Pp-Aqp2 (A53442), and Dm-Bp (P23645). 
Sequences that share homology are shown, but a functional characterization has not been made in all cases. In addition, it must be remembered 
that some sequences could be alleles of one gene (for example, three different sequences from fscherichia coli are listed, but it is not known 
whether the E. coli genome includes three genes). 
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amino acids. For another abundant transcript, MipC, the
C-terminal portion (150 amino acids) of the deduced protein
is shown. The third transcript, MipB, is at least 10 times less
abundant than the two others. MipB encodes 285 amino acids.

The evolutionary position of the nucleotide sequences of
a number of Mips was analyzed using PADP (Swofford, 1993).
The analysis shown in Figure 2 indicates that the five ice plant
sequences belong to a subgroup of M/p-related genes whose
transcripts are turgor responsive. Related sequences have
been detected in Arabidopsis, pea, tomato, and barley. Because
several proteins encoded by transcripts in this group have been
shown to be plasma membrane located (Daniels et al., 1994;
Kammerloher et al., 1994), this group was labeled plasma mem-
brane intrinsic protein (PIP; Figure 2). Within the group, there
are uncertainties with respect to alignment, indicated by the
low bootstrap values given within parentheses. The group as
a whole, however, was separated significantly (100% value)
from another subgroup designated TIP because proteins in
this group have been shown to be tonoplast located (Johnson
et al., 1990; Hofte et al., 1992; Maurel et al., 1993). Distinct
from these subgroups are at least three other groups. The first
includes functionally characterized animal water channel pro-
teins (Preston and Agre, 1991; Fushimi et al., 1993; Deen et
al., 1994). The second group includes sequences that have
been found in plant root nodules and in rice roots (Nod-MIP;
Figure 2), and the third includes the microbial glycerol facili-
tator protein, Glpf (Weissenborn et al., 1992). The latter may
be better termed metabolite facilitators because this group in-
cludes, for example, one rat sequence that by homology had
been termed a water channel protein. One Nod-MIP has been
shown to be regulated by phosphorylation (Miao et al., 1992).
Marginally related are a Drosophila sequence (Dm-Bb; Rao
et al., 1990) and a yeast sequence (Sc-FPs1; van Aelst et al.,
1991) that cannot be placed according to a function (Figure
2). If we assume that the ice plant sequences encode PIP pro-
teins, there are at least five different PIP-type transcripts,
compared to possibly nine PIP-type transcripts in Arabidop-
sis. In addition, Arabidopsis probably contains four TIP
sequences.

the extent of decline and recovery was dependent on plant
age (data not shown). Mip transcript levels in young plants (< 4
weeks old) were much less susceptible and recovered faster
and, occasionally, accumulated to a greater extent after stress,
whereas in old plants (> 6 weeks old), transcript levels declined
more precipitiously and transcript recovery did not approach
prestress levels.

Gene Complexity

Hybridization of M/p-related cDNAs to total ice plant DNA un-
der high-stringency conditions (Figure 4) indicated that each
transcript is the product of a single gene or of a few similar
genes. In total, at least five genes (or small gene families) en-
coding Mip homologs are present in the ice plant genome
(~290 megabases; Meyer et al., 1990). Preliminary analysis
of genomic clones indicated that some of these genes may
be physically linked (C. Michalowski, unpublished data).

In Situ Hybridizations

In situ hybridization was performed with MipA and MipB to ob-
tain information about cell specificity of expression. Figure 5
provides a histological survey of different sections through
roots. Stained sections close to the root tip, < 2 mm from the
meristem, indicate the beginning of endodermis formation
(Figures 5A and 5B). In Figure 5B, a section after 4',6-diamidino-
2-phenylindole (DAPI) staining and fluorescence photography
is shown. It indicates different ploidy levels of the nuclei, with
the endodermis nuclei being 2N. Nuclei of senescing root cap

ROOTS LEAVES
stressed control stressed

6 30 78 126 6 30 78 126 6 30 78 126 6 30 78 126

Transcript Analysis

RNA gel blot analysis of the ice plant MipA and MipC indicated
that these transcripts are present in roots and leaves, whereas
MipB could be detected only in roots (Figure 3). When ice plants
were stressed, Mip transcripts showed different reactions in
the presence of NaCI. Transcripts for the relatively low-
abundance transcript MipB were not noticeably affected by
stress, with only a small decline in abundance. Transcript lev-
els for MipA and MipC declined drastically within < 6 hr after
the beginning of stress. Transcript abundance remained low
for ~30 hr. After that time period, transcript levels increased
again to at least the prestress level. This time course in the de-
cline of expression and recovery was always found. However,

mipB

mipC

Figure 3. RNA Gel Blot Analysis of Three M/p-Related Transcripts Hy-
bridized to Total RNA from Roots and Leaves from Salt-Stressed and
Unstressed Ice Plants.
The hybridization signal using 32P-labeled probes for the three tran-
scripts identifies a transcript size of ~1300 nucleotides. Compared are
transcript levels from salt-stressed and unstressed plants (hours after
stress) in roots and leaves. No signal could be obtained in leaves with
the MipB probe (20 ng of RNA was loaded in each lane).
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MlpA
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MipB
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MipC
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8.45kb
6.38kb

3.67kb

2.32kb
1.37kb-

Figure 4. Hybridizations of MipA, MipB, and MipC Probes to Total Ice
Plant DMA.

Ten micrograms of total ice plant DNA per lane was restricted with
the endonucleases BamHI (B), EcoRI (E), Hindlll (H), Sail (S), and
Xhol (X). Probes used were from inside the coding regions of the cDNAs.
The signals indicate that each cDNA is encoded by a single gene or
by a conserved, small gene family. DNA fragment length markers are
given at left in kilobases.

cells show condensed chromatin (Figure 5B). The root (not
counting root cap cells) at this stage of development consists
of an epidermis, four layers of cortex cells, the developing
pericycle and endodermis rings of cells, and the developing
vascular tissue. Xylem and phloem primordia can be distin-
guished. Sections through an older root (Figures 5C and 5D)
provide an overview of the typical adult root. A central primary
xylem (stained dark blue) is surrounded by parenchymatic tis-
sue (stained purple) to which rings of xylem tissue are added
successively as secondary growth commences. The xylem and
outermost cell layers exhibit high autofluorescence (Figures
5D, 6E, and 6F), which increases when roots are salt stressed
(data not shown). Nuclei are typically 4N or 8N in older roots
(Figure 5D).

Figure 6 shows the signals after hybridization with either
35S-labeled or digoxigenin-labeled MipA transcripts. For each
tissue section, hybridization with either the sense (Figures 6A,
6C, and 6E) or antisense (Figures 6B, 6D, and 6F) labeled
probes is shown; in most instances, successive sections from
one root are compared in these hybridizations. Cells of the
epidermis and cells close to the zone of vascular bundle de-
velopment contain higher signal density than do cortical cells
(Figures 6A and 6B). The signal is most concentrated in these
cells for the distal ~3 mm of the root tip. This may be due to
a density of the cytoplasm in these cells that is higher than
that in cortex cells and cells of the root cap, as was seen in
a longitudinal section (data not shown). This section indicated
above-background hybridization in all cells. Figures 6C and
6D show digoxigenin-labeled signals in cross-sections of a
nearly mature root. The signal is most concentrated in cells
associated with the outside of the primary xylem. In longitudi-
nal sections of an even older root segment, autofluorescence
of the outermost cell layers and xylem is visible (indicated in
Figures 6E and 6F), whereas the antisense hybridization also
highlights developing xylem tissue (Figure 6F). The root

segments shown in Figures 6E and 6F are longitudinal sec-
tions at a point of secondary root emergence (upper right
corners). At higher magnification, the signal is strongest in de-
veloping xylem cells (Figure 7).

Signals obtained with MipB were generally fainter than those
obtained with MipA, which agrees with RNA gel blot hybrid-
izations (Figure 3). A reliable distinction between sense and
antisense probes was only possible for the root tip (Figures
8A and 8B). From these hybridizations, it appears that MipB
is most strongly expressed in the area from the tip of the root
to the point at which the vascular bundle is fully differentiated.
However, it is impossible to distinguish whether significantly
lower expression of this gene is continuing in older parts of
the root system.

Some investigations were performed with MipA in leaves
and stems. Figures 9A and 9B show that hybridization signals
appear to be concentrated in vascular tissue. The generally
higher contrast in all cells hybridized with the antisense probe
(Figure 9B), compared with sense probe hybridizations, seems
to indicate that MipA is also expressed in mesophyll cells. One
notable exception is that we never observed a signal with
epidermal cells, particularly not with the large epidermal blad-
der cells that seem to function as a salt storage organ under
salinity stress conditions.

MIP Function

Full-length complementary RNAs of MipA and MipB, tran-
scribed from cDNAs cloned in vector pXBG-ev1 to assure
expression in Xenopus oocytes, were injected into oocytes, and
water permeability was measured (Cao et al., 1992; Maurel
et al., 1993). Figure 10 shows water uptake 3 days after injec-
tion of the oocytes in response to lower osmotic pressure after
exchange of the medium. Expression of both MIPA and MIPB
indicated that the proteins lead to significant (paired f test; 5%
level) water uptake over noninjected and mock-injected oocytes,
although water permeability is not increased as much as it
is after injection of 7-TIP complementary RNA (Maurel et al.,
1993; Daniels et al., 1994).

DISCUSSION

Proteins with homology to MIP, a major intrinsic protein origi-
nally isolated from mammalian eye lens, are present in plants
(Guerreroetal., 1990; Johnson etal., 1990; Hofteetal., 1992;
Yamaguchi-Shinozaki et al., 1992). Subfamilies can be distin-
guished by sequence comparisons that distinguish animal and
plant genes and that may distinguish different functions of MIPs
(Figure 2). MIPs are biochemically characterized by six
membrane-spanning domains forming dimeric or tetrameric
complexes (see, for example, Verkman, 1993; Chrispeels and
Agre, 1994). For different subgroups, functional information
is available. The encoded proteins facilitate transport of water



Cell-Specific Expression of Aquaporins 1135

Figure 5. Structure of Ice Plant Roots.
(A) and (B) Cross-sections of roots ~2 mm in length.
(C) and (D) Cross-sections from root segments >3 cm from the tip.
Sections were stained with toluidine blue in (A) and (C) or DAPI in (B) and (D). In (A) and (B), bars 0.1 mm; in (C) and (D), bars = 0.4 mm.

in animals (termed CHIP or WCH-CD) and plants (TIP and PIP),
dicarboxylates in nodules (Nod26), water and sodium in
animals (MIP), or glycerol (GIpF) or other small straight-chain
carbon compounds in bacteria (Reizer et al., 1993; Verkman,
1993; Saier, 1994). Related sequences whose precise func-
tions are not known include a Drosophila sequence (BIB, a
neurogenic protein; Rao et al., 1990) and the yeast gene en-
coding FPS1 (a suppressor of growth deficiency on fermentable
sugars; van Aelst et al., 1991).

Several plant MIPs function as aquaporins in the tonoplast
(TIP; Maurel et al., 1993) and in the plasma membrane (PIP;
Daniels et al., 1994; Kammerloher et al., 1994). As aquapo-
rins, they can be assumed to facilitate osmotic adjustment
between the cytoplasm, vacuole, and extracellular space. Use
of a unique experimental approach for the isolation of genes
encoding plasma membrane proteins resulted in the isolation
of several PIPs from Arabidopsis, which may contain 10 Mip-

related transcripts in total (Kammerloher et al., 1994). Accord-
ing to their sequence characteristics (Figures 1 and 2), the
ice plant Mip homologs reported here are grouped in the puta-
tive PIP subfamily. By using polymerase chain reactions, we
have recently isolated additional ice plant transcripts with se-
quence signatures of TIP subfamily members (M. Ishitani and
H.J. Bohnert, unpublished data). The surprising complexity
of this gene family may indicate functional complexity in differ-
ent cells or tissues, developmental specificity of expression,
or functional redundancy.

The tissue-specific high expression of the ice plant Mip in
the epidermis and endodermis of the root tip and their high
expression in cells of the differentiating xylem can best be un-
derstood by assuming that these proteins are located in the
plasma membrane, facilitating symplastic ion or water trans-
port between cells and into the xylem. This location may
indicate a function of the encoded MIP in water movement into



Figure 6. In Situ Hybridization of MipA Sense and Antisense Transcripts in Tissue Sections of Roots of Different Developmental Age.

In (A), (B), (E), and (F), the sections were hybridized with sense ([A] and [E]) or antisense ([B] and [F]) 35S-labeled probes transcribed with
T3 or T7 RNA polymerase from the linearized vector pBluescript KS- containing the MipA cDNA. The digoxigenin-labeled MipA sense probe
was used in (C) and the antisense probe was used in (D). When using 35S-labeled probes, the slides were washed after labeling, coated with
NTB-2 photographic emulsion (Kodak), and stored at 4°C for 4 weeks before the development of silver grains. The straight arrows in (F) point
toward the outer layer of the xylem, and the curved arrows in (E) and (F) indicate tissue autofluorescence. Sections were hybridized with digoxigenin-
labeled RNA transcribed by T7 or SP6 RNA polymerase from linearized pSPT18 vectors at a concentration of ~0.7 ng/mL. After hybridization
and RNase treatment and washings (see Methods), slides were incubated with 500-fold diluted alkaline phosphatase conjugated to anti-digoxigenin
Fab fragments. Color development by alkaline phosphatase was for variable lengths of time, with the maximum being 16 hr.
(A) and (B) Sense and antisense strand, respectively; hybridizations with young roots ~2 mm from the tip of the root. Bars = 0.1 mm.
(C) and (D) Sense and antisense strand, respectively; hybridizations with root segments ~15 mm from the tip of the root. Bars = 0.5 mm.
(E) and (F) Sense and antisense strand, respectively; hybridizations with root segments >20 mm from the tip of the root. Bars = 0.3 mm.
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mM NaCI (for example, see Cushman et al., 1989; Michalowski
et al., 1992; Bohnert et al., 1994).

Apparently, halophytic and glycophytic regulation of MIPs
is different. This may have to do with the fact that the ice plant
is a sodium includer, able to control influx and deposition of
sodium in a tissue-specific and cell-specific manner (Adams

Figure 7. Strongest MipA Hybridization Signals in Fully Developed
Roots Are Confined to the Youngest Portions of the Xylem.
The primary xylem is located at bottom center. The youngest develop-
ing xylem vessels, adjacent to cortical cells (top), show peroxidase
staining. Consequently, in old roots that have developed three rings
of xylem tissue, there may be hybridization signals in three concen-
tric rings (data not shown). Bar = 0.1 mm.

cells. They may also facilitate entry of water into conducting
tissues for long-distance transport (Figure 8). This may be
deduced from the expression of MipA and MipB transcripts
in the endodermis of the developing but not totally closed vas-
cular bundle and from the expression of MipA in or around
xylem strands. Injection of MipA and MipB cRNA into oocytes
resulted in higher water permeability, and some (up to two of
four eggs in each experiment) of the injected oocytes actually
burst. Water permeability measured 3 days after injection was,
however, always more pronounced with y-TIP (Figure 10).

The ice plant Mip transcripts are closely related to Arabidop-
sis RD28 (Figure 2; Yamaguchi-Shinozaki et al., 1992). In
response to drought and salinity stress, however, expression
patterns of RD28 transcripts are different from those of the
closely related MipC and the more distantly related MipA and
MipB. RD28 is barely detectable in unstressed plants
(Yamaguchi-Shinozaki etal., 1992). Drought and high salinity
lead to an increase in transcript abundance. The ice plant Mip
homologs, in contrast, are strongly expressed in unstressed
plants. As judged by the number of clones from a cDNA li-
brary, 35 per 1000 plaques, these transcripts are moderately
abundant. Osmotic stress leads to decline and subsequent
recovery; this is correlated with the time course of turgor recov-
ery in the whole plant. The kinetics of transcript changes has
to be seen in context with other transcripts in the ice plant.
Decline of transcript abundance is not simply a consequence
of stress, because many transcripts are not affected by 400

B
Figure 8. MipB Hybridization Signals Are Confined to Root Tips.

(A) Sense hybridization.
(B) Antisense hybridization.
Shown are cross-sections through young roots < 2 mm from the tip.
Young root tissue was the only tissue in which a hybridization signal
could be demonstrated reliably. Bars = 0.15 mm.

et al., 1992). Salinity shock does not produce as severe a wa-
ter deficit in the ice plant as it does in Arabidopsis, which is
largely a sodium excluder. The induction of several plant Mip
transcripts by osmotic stress may indicate an adaptive reac-
tion to alleviate water stress, whereas the ice plant must cope
primarily with a sudden influx of sodium after salt shock. We
think that the different responses to drought and salt shock
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Figure 9. MipA Hybridization Signals in Leaves.

Cross-sections through the base of a leaf, close to the petiole, are
shown.
(A) Hybridization analysis with a sense probe.
(B) Hybridization analysis with an antisense probe.
It appears that all cells carry a signal (as shown in [B]), although there
are differences in different parts of the leaf. Not highlighted are the
epidermal bladder cells that line the rim of the leaf (indicated by aster-
isks). Bars = 0.1 mm.

reveal a significant difference between glycophytic and halo-
phytic plants. However, in both plants it must still be shown
that the changes in transcript levels under stress lead to
changes in protein amount. For the ice plant, MIPA and MIPS
functions have been established, but tissue-specific expres-
sion of the remaining presumptive PIP must be investigated.

The results add tissue- and cell-specific expression to our
knowledge of plant Mip homologs. A similar analysis has been
provided for a tobacco transcript, the M/p-related TobRB7. This
analysis focused on c/s-acting elements important in root-
specific gene expression (Yamamoto et al., 1991). Examina-
tion of the in situ hybridization data with MipA and MipB clearly

establishes specific tissues and cells within these tissues as
strongly expressing M/p-related genes. In addition to those
cells, we believe there is much weaker expression of the genes
in other tissues and cells. This we deduced from the antisense
hybridization signals, which always highlight all cells in a more
pronounced fashion than do the sense strand hybridizations.
In addition to the strong signal in cells surrounding the vascu-
lar bundles, the antisense contrast is enhanced in mesophyll
cells (see, for example, Figure 9). The epidermis and epider-
mal bladder cells, however, are not highlighted, which may
indicate at least one tissue in which MipA is not found.

The importance of cell-specific PIP expression in general
(and for salinity tolerance of the ice plant in particular) is not
immediately clear. Both Arabidopsis and the ice plant express
several transcripts that are members of an ancient gene fam-
ily. Obviously, functional diversification has produced the extant
complexity. We expect that gene complexity reflects different
metabolite transport activities or different adaptation to osmotic
challenges. The genes may also have been duplicated in re-
sponse to the different requirements of specialized tissues,
for example, to accommodate seed germination, symplastic
metabolite and water entry in the root, long-distance transport,
guard cell volume regulation, rapid cell expansion during flower
emergence, guttation, and nectar secretion. The involvement
of MIP homologs in such diverse functions suggests they play
a fundamental role in establishing plant form and function. Their
cell-specific expression, regulation of activity, and conse-
quences of gene inactivations are important to study.
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Figure 10. Osmotic Water Permeability in Injected Oocytes Express-
ing MipA and MipB.
Oocytes were injected with complementary RNA of y-Tip (Tip; Maurel
et al., 1993) (n = 4), MipA (n = 4), MipB (n = 4), or distilled water
(n = 5). Non indicates oocytes that were not injected (n = 5). Three
days after injection, the oocytes were subjected to a hypotonic treat-
ment. Oocytes that did not show any reaction were not included in
the data. Reactions varied between the two batches of oocytes used.
Statistical analysis by paired t tests indicated that the injected MipA
and MipB transcripts led to significantly increased water permeability
(5% level).
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We have focused on root-specific gene expression in the 
ice plant under water and sodium stress. We expected that 
roots under osmotic stress would reveal mechanisms through 
which the halophytic ice plant is able to tolerate salinity stress 
severe enough to eliminate most other plants. At 400 mM NaCl 
in the medium surrounding roots, the osmotic pressure is high 
enough to desiccate the tissue, necessitating the presence 
or buildup of defense mechanisms. One mechanism may be  
salt exclusion or controlled uptake of Na+, accompanied by 
internal osmolyte accumulation (Vernon and Bohnert, 1992) 
that could lead to increased uptake of water. Should aquapo- 
rins be a main route for water uptake in plants, control of Mip 
expression, the amount of aquaporins in membranes, and regu- 
lation of their activity, for example, by phosphorylation (Miao 
et al., 1992; Daniels et al., 1994), might be  crucial not only 
under normal growth but equally under osmotic stress condi- 
tions. To make sodium exclusion a viable strategy, reducing 
aquaporin amount or activity following stress would buy time 
and allow for internal osmotic adjustment. That aquaporins 
contribute significantly to water movement has recently been 
shown (Kaldenhoff et al., 1995). lsolated protoplasts express- 
ing antisense PIP transcripts contained reduced amounts of 
PIP protein. After transfer into water, bursting of cells was sig- 
nificantly retarded compared with results involving control 
protoplasts. 

Until recently, facilitated movement of water has been 
documented for specialized animal cells, for example, in mam- 
malian kidneys (Fushimi et al., 1993; Zhang et ai., 1993; Deen 
et al., 1994). The animal aquaporins constitute pores, which 
may be regulated, through which water is channeled without 
being connected to net ion flow (Verkman, 1993; Zeuthen and 
Stein, 1994). The characterization of plant aquaporins (Maurel 
et al., 1993; Daniels et ai., 1994; Kammerloher et al., 1994) 
has provided an understanding of their functioning in general. 
Aquaporins may atso highlight a strategy plants use to con- 
tinue to take up water under stress conditions. As observed 
in the ice plant, severa1 of the transcripts have been shown 
to be regulated by turgor pressure and Osmotic stresses (for 
example, see Guerrero et al., 1990; Yamaguchi-Shinozaki et 
al., 1992; Fray et al., 1994). Although regulated, facilitated wa- 
ter movement may be a strategy to cope with osmotic shock. 

METHODS 

Plant Material 

Plants (Mesembryanthemum crystallinum) were grown from seed as 
described by Ostrem et al. (1987). Plants used for cDNA library con- 
struction, RNA analysis, and in situ hybridization were transferred to 
hydroponic tanks (Vernon and Bohnert, 1992) -10 days after seedling 
germination in vermiculite. Plants used for cDNA library construction 
and RNA analysis were subjected to 400 mM NaCl stress when the 
plants were 6 weeks old. Unstressed controls for each experiment were 
grown alongside stressed plants and were harvested at the same time. 

cDNA Library Construction and Differential Screening 

Total mRNA was extracted from salt-stressed or unstressed roots of 
common ice plants. Poly(A)+ mRNA was prepared as described pre- 
viously (Ostrem et al., 1987). The cDNA library from RNA of stressed 
roots was constructed in hzAPll (Stratagene) and screened by differen- 
tia1 hybridization, with first-strand cDNA synthesized from poly(A)+ 
mRNA isolated from stressed and unstressed plants. 

DNA Sequence Analysis 

Nucleotide sequences of Mip (for major intrinsic protein)-related tran- 
scripts were obtained by dideoxy sequencing of overlapping deletion 
clones, subclones using existing restriction sites, or selected full-length 
cDNAs cloned into pBluescript II KS+ and KS- plasmids (Stratagene). 
Sequence comparisons with sequences in the EMBL and SwissProt 
data bases (see legend of Figure 2 for accession numbers) were per- 
formed using Genetics Computer Group (Madison, WI) programs 
(Devereux et al., 1985; Higgins and Sharp, 1989). Parsimony analysis 
was done using PAUP, version 3.1 (Swofford, 1993). The heuristic op- 
tion of PAUP was used with simple addition of sequences and TBR 
branch swapping. Analyses were performed repeatedly, with the or- 
der of sequence additions varied. Sequences were trimmed so that 
5’or 3‘extensions of individual sequences were removed. Interna1 ex- 
tensions in some sequences, which were identified by multiple 
alignment programs, were treated as missing characters in the other 
sequences. The number of bootstrap replicates was set to 100. The 
resulting tree is unrooted. The final alignment is available upon request. 

RNA Gel Blot Analysis 

Total RNA was isolated from leaves and roots as described previously 
(Vernon and Bohnert, 1992). Ten micrograms of LiCI-purified total RNA 
was resolved on formaldehyde-agarose gels and transferred to 
Zetaprobe membranes (Bio-Rad). Blots were probed with 32P-labeled 
probes derived from various Mip-related clones. After hybridization, 
blots were washed under high-stringency conditions (40 mM 
Na2HP04, pH 7.2, 1 mM EDTA, 1% SDS at 65OC) and subjected to 
autoradiography. 

Tissue Preparation and in Situ Hybridizations 

Fresh root and leaf tissues of the ice plant were fixed with 2% glutaralde- 
hyde in 0.05 M sodium cacodylate buffer at 4OC for 1 to 2 hr, dehydrated 
in an ethanol series, and infiltrated with paraffin at room temperature. 
The embedded tissue was sectioned into 6- to 10-pm-thick slices and 
fixed on poly-L-lysine-coated glass slides. These slides were used for 
histological observation, 4’,6-diamidino-2-phenylindole (DAPI) stain- 
ing, and in situ hybridization. For histological observation, sections 
were stained with toluidine blue (Clark et al., 1992). DAPI staining was 
performed according to DeRocher et al. (1990). In situ hybridization 
with %-labeled probes was performed as described previously (Clark 
et al., 1992). The slides were hybridized with either antisense or sense 
strands of MipA RNA probes transcribed by T3 or T7 RNA polymer- 
ase from linearized pBluescript KS- harboring the cDNA. The slides 
were then washed and coated with NTB-2 photographic emulsion 
(Kodak, Rochester, NY) and exposed at 4OC for 4 weeks. After the de- 
velopment of silver grains, the slides were stained with toluidine blue 
for histological observations. 
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In situ hybridizations with digoxigenin-labeled probes were performed 
as described by McKhann and Hirsch (1993) with slight modifications. 
The digoxigenin-labeled probes were transcribed by T7 or SP6 RNA 
polymerase from linearized pSPT18 harboring the cDNAs. After hy- 
bridization, the slides were treated with RNase A (200 pg/ mL) at 3PC, 
then washed twice with RNase buffer (100 mM Tris-HCI, pH 7.5,0.5 M 
NaCI) at 37°C. Following a series of washes in 1 x SSC (1 x SSC 
is 0.15 M NaCI, 0.015 M sodium citrate; McKhann and Hirsch, 1993), the 
sections were incubated with a500-fold diluted alkaline phosphatase- 
conjugated anti-digoxigenin Fab fragment. After color development 
for up to 16 hr, sections were photographed. All observations were made 
using an Axiophot fluorescence microscope (Zeiss, Jena, Germany). 

DNA Gel Blot Hybridization 

Total DNA was isolated from leaves as described previously (Vernon 
and Bohnert, 1992). Ten micrograms of DNA per lane was digested 
with the restriction endonuclease indicated (Figure 4) and separated 
on 0.7O/o agarose gels; the DNA fragments were then transferred to 
Zetaprobe (Bio-Rad) membranes. Filters were prehybridized and hy- 
bridized with 32P-labeled inserts of the cDNA clones as described 
previously (Vernon and Bohnert, 1992). After hybridization, blots were 
washed under high-stringency conditions as described for RNA gel 
blot hybridization analysis. 

Construction of Oocyte Expression Vectors and 
Complementary RNA Synthesis 

MipA was removed from its vector by Xbal digestion and MipS by diges- 
tion with EcoRl and EcoRV. After fill-in with the Klenow fragment of 
DNA polymerase I, each fragment was inserted into the blunt-ended 
Bglll site of vector pXBG-evl (a pSP64T-derived pBluescript-typevector 
into which Xenopus p-globin 5’ and 3‘ untranslated sequences have 
been inserted; Preston et al., 1992). Constructs were linearized with 
Pstl, and complementary RNA was synthesized (Cao et al., 1992) in 
vitro using T3 RNA polymerase, 0.4 mM each ribonucleotide-5’- 
triphosphates, and 0.4 mM m7GpppG for mRNA capping (Pharmacia, 
Uppsala, Sweden). After ethanol precipitation, synthesis products were 
suspended in diethylpyrocarbonate-treated H20 at a final concentra- 
tion of 1 mglmL. Complementary RNAof the tonoplast intrinsic protein 
yTIP (1 mg/mL) was kindly provided by M.J. Daniels (University of 
California at San Diego, La Jolla). 

Oocyte Preparations and lnjections 

Oocytes were prepared as described previously (Cao et al., 1992) and 
incubated in Barth’s solution (88 mM NaCI, 1 mM KCI, 2.4 mM 
NaHCO,, 10 mM Hepes-NaOH, 0.33 mM Ca[N03jp, 0.41 mM CaCI2, 
0.82 mM MgS04, pH 7.4) supplemented with gentamycin (1 mL stock 
solution per liter; Sigma) 1 day before microinjection. Two different 
batches of oocytes were injected with 50 nL of complementary RNA 
(20 to 50 ng) or with distilled H20. Three days after injection they were 
transferred from Bath’s solution (200 mosmollkg) to diluted Barth’s so- 
lution (40 mosmol/kg). Changes in cell volume were calculated from 
changes in cell diameter documented by photographs at 5- to 20-sec 
intervals. Water permeability coefficients were calculated according 
to Maurel et al. (1993). 
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