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Crassulacean acid metabolism (CAM) is a specialized mode of photosynthesis that improves water use efficiency by shifting
part or all of net atmospheric CO, uptake to the night. Genetic dissection of regulatory and metabolic attributes of CAM has
been limited by the difficulty of identifying a reliable phenotype for mutant screening. We developed a novel and simple
colorimetric assay to measure leaf pH to screen fast neutron-mutagenized populations of common ice plant (Mesembryanthe-
mum crystallinum), a facultative CAM species, to detect CAM-deficient mutants with limited nocturnal acidification. The
isolated CAM-deficient mutants showed negligible net dark CO, uptake compared with wild-type plants following the
imposition of salinity stress. The mutants and wild-type plants accumulated nearly comparable levels of sodium in leaves, but
the mutants grew more slowly than the wild-type plants. The mutants also had substantially reduced seed set and seed weight
relative to wild type under salinity stress. Carbon-isotope ratios of seed collected from 4-month-old plants indicated that C
photosynthesis made a greater contribution to seed production in mutants compared to wild type. The CAM-deficient mutants
were deficient in leaf starch and lacked plastidic phosphoglucomutase, an enzyme critical for gluconeogenesis and starch
formation, resulting in substrate limitation of nocturnal C, acid formation. The restoration of nocturnal acidification by feeding
detached leaves of salt-stressed mutants with glucose or sucrose supported this defect and served to illustrate the flexibility of
CAM. The CAM-deficient mutants described here constitute important models for exploring regulatory features and metabolic

consequences of CAM.

Crassulacean acid metabolism (CAM), one of three
modes of photosynthetic assimilation of atmospheric
CO,, has evolved multiple times in approximately 7%
of vascular plant species. The high number of inde-
pendent origins of CAM in over 30 taxonomically
diverse plant families is indicative of convergent evo-
lution (Crayn et al., 2004; Silvera et al., 2005) and, as
such, serves as a useful model for probing how com-
plex traits evolve in response to a changing environ-
ment. CAM is typically characterized by nocturnal
CO, uptake via the enzyme phosphoenolpyruvate
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(PEP) carboxylase (PEPC), which is activated via phos-
phorylation by a dedicated protein kinase, PEPC kinase
(PPCK; Nimmo, 2000). The 3-C substrate for nocturnal
carboxylation, PEP, is produced via the glycolytic
breakdown of carbohydrates at night. The organic
acids produced via the dark carboxylation of PEP are
stored overnight in a large central vacuole (Epimashko
et al., 2004) and are subsequently decarboxylated dur-
ing the day to release CO, for fixation by Rubisco
behind closed stomata. CAM facilitates CO, acquisition
in water-limited environments and is typically found in
species that inhabit semiarid regions (Cushman and
Borland, 2002), including tropical epiphytes that must
endure intermittent or seasonal water availability (Zotz,
2004). In addition, CAM can lead to greater carbon
acquisition in aquatic environments where daytime CO,
availability can be limiting (Keeley, 1998).

In recent years, efforts to elucidate the metabolic,
regulatory, and signaling elements that define CAM
have focused largely on the facultative CAM halo-
phyte common ice plant (Mesembryanthemum crystal-
linum). When grown under well-watered, nonstressed
conditions, common ice plant performs C,; photosyn-
thesis from the seedling stage through seed set (Winter
and Holtum, 2007), but can switch to CAM if subjected
to various treatments that reduce water availability,
including high salinity (Winter and Holtum, 2005).
Thus, C; photosynthesis and CAM can be clearly
discerned in plants of similar developmental status,
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allowing a comparison between molecular, biochem-
ical, and physiological processes associated with C,
photosynthesis versus those governing CAM. The
inducibility of CAM in common ice plant has made
it a favorite model for studying the molecular genetics
of CAM (Bohnert and Cushman, 2000; Cushman,
2001). More than 20 cDNA libraries exist from com-
mon ice plant from different tissues, such as meri-
stems, roots, shoots, leaves, epidermal bladder cells,
flowers, and seed capsules and different stress treat-
ments (Bohnert et al., 2001), and extensive EST collec-
tions have been generated to facilitate gene discovery
efforts (Kore-eda et al., 2004). Large-scale gene expres-
sion profiling using a custom oligonucleotide-based
microarray containing probes for more than 8,400
genes derived from these EST collections have docu-
mented large-scale steady-state mRNA abundance
changes following CAM induction by salinity treat-
ment (Cushman et al., 2008). Many genes exhibited
circadian patterns of abundance, suggesting that con-
trol by the circadian clock is important for synchro-
nizing and regulating the metabolic and transport
processes that underpin operation of the 24-h CAM
cycle (Borland and Taybi, 2004; Boxall et al., 2005).

To date, genetic dissection of the regulatory and
metabolic attributes of CAM in common ice plant has
been limited by the difficulty of identifying a reliable
phenotype for mutant screening. Here, we report the
establishment of large-scale mutant collections of any
CAM species and the development of a novel screen-
ing strategy for the isolation of CAM-deficient mutants
in common ice plant. Fast neutron (N;) mutagenesis
was selected over chemical mutagenesis because mu-
tants generated in this way have kilobase pair-size
deletions or rearrangements, rather than point muta-
tions as in chemically mutagenized plants (Bruggemann
et al.,, 1996; Ceccini et al., 1998). We have designed a
mutant screen using a simple pH indicator to rapidly
identify salt-stressed plants that fail to perform noc-
turnal acidification, a diagnostic characteristic of CAM.
A prerequisite of CAM in common ice plant is the
ability to accumulate and degrade sufficient starch
reserves during the day to supply via glycolysis suf-
ficient PEP for nocturnal C, carboxylation (Borland
and Taybi, 2004). Thus, one possible type of CAM-
deficient mutant phenotype that might be anticipated
is a starch-deficient phenotype. A secondary, comple-
mentary screen, based on iodine staining, was used to
detect defects in daytime starch accumulation in salt-
stressed plants. The CAM-deficient mutants isolated
here failed to express plastidic phosphoglucomutase
(PGM), the enzyme that catalyzes the interconversion
of Glc-6-P«> Glc-1-P and is critical to subsequent glu-
coneogenesis and starch formation. Validation of this
genetic lesion was demonstrated by the restoration of
the CAM phenotype by feeding detached leaves with
Glc or Suc. We discuss how the availability of such
CAM-deficient mutants could improve our understand-
ing of the complex day/night metabolic and circadian
regulatory processes that govern CAM.
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RESULTS
Isolation of CAM-Deficient Mutants

We investigated whether a simple visual screen
using a colorimetric pH indicator dye could be used
for high-throughput screening of ice plant mutants
with a reduced ability to conduct nocturnal acidifica-
tion, a key feature of CAM. Traditionally, nocturnal
acidification is measured by the change in titratable
acidity in leaf sample extracts collected at the end of
the dark period (dawn) and at the end of the light
period (dusk). However, this approach is too labor
intensive for high-throughput screening. To simplify
the screening process, leaf discs were sampled from
plants at dawn and dusk in a microtiter plate assay
containing the pH indicator, chlorophenol red (see
Supplemental Fig. S1), rather than by measuring the
absolute leaf pH of each individual plant indepen-
dently (Fig. 1). To confirm putative CAM mutants,
a secondary, complementary iodine staining assay
(Caspar et al., 1985), which monitored directly changes
in starch accumulation in leaves associated with CAM
induction, was performed. Mutants with defects in
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Figure 1. Screening strategy for CAM mutants of common ice plant.
Mutagenized M, plants were irrigated with 0.3 m NaCl for 7 to 14 d to
induce CAM. Duplicate leaf discs were collected at dawn or at dusk in
a 48-well microtiter plate. Leaf discs were assayed using the pH
indicator chlorophenol red; wild-type plants performing CAM show
nocturnal acidification, whereas CAM-deficient mutants (marked as *)
do not. As a secondary screen, leaf discs were screened for starch
content at dawn and dusk using a mixture of iodine and potassium
iodide. Wild-type plants that accumulate normal levels of starch show
intense iodine staining, whereas mutants deficient in starch accumu-
lation show weak iodine staining. Plants failing one or both tests were
scored as putative CAM mutants.
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either starch degradation or synthesis were identified
by a lack of purple staining (Fig. 1).

From an estimated total of 11,666 M, plants (derived
from 779 M, plants irradiated with 50 Gy) and 5,954 M,
plants screened (derived from 292 M, plants irradiated
with 40 Gy), 167 candidates were selected during the
primary screen on the basis of a failure to undergo noc-
turnal acidification following salinity stress treatment.
Within these populations, 50 lines contained morpho-
logical aberrations (e.g. alterations in pigmentation or
morphology of leaves and stems, etc.), including an
epidermal bladder cell-less mutant with reduced salt
tolerance (Agarie et al., 2007). The frequency of puta-
tive CAM mutants within the M, generation irradiated
at 40 and 50 Gy were 0.3% and 0.42%, respectively. In
the subsequent M, generation, the frequency of puta-
tive CAM-deficient mutants increased to 0.7%. Two
lines were isolated and designated 351 and 371, which
showed 18 and 22, respectively, of 24 plants assayed
that were CAM deficient. These two mutant lines were
subjected to further physiological and biochemical
characterization.

Figure 2. Day/night net CO, exchange profiles of wild

Physiological Characterization of Putative
CAM-Deficient Mutants

Patterns of net CO, assimilation in leaves over a
day/night cycle were monitored over a 2-week time
course of salinity treatment and confirmed that M,
generation lines 351 and 371 were deficient in CAM
(Fig. 2). Net dark CO, uptake was apparent in wild-
type plants after 7 d of salinity treatment and increased
further by 14 d of salinity (Fig. 2). In contrast, there was
negligible net dark CO, uptake in either of the mutant
lines after 14-d treatment with 0.3 M NaCl. Both mu-
tant lines also showed lower rates of daytime net CO,
assimilation compared to wild type in well-watered
conditions (day 0; Fig. 2), and this was also reflected in
lower stomatal conductance and transpiration rates in
the mutant lines (data not shown).

Growth rate measurements of wild type and M,
generation mutant lines under well-watered (unstressed)
conditions up to 4 weeks of age showed that both mu-
tant lines displayed significant retardation in growth
(Fig. 3, A and B). To determine whether the lower
transpiration and growth rates in the mutants, as

A Wild type

type and two CAM-deficient lines of common ice
plant grown under well-watered conditions (day 0)
and after 7 and 14 d of treatment with 0.3 m NaCl. The
solid bars on the x axes represent the periods of
darkness. Each gas exchange profile is for a represen-
tative leaf from three replicate determinations.
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compared to wild type, might be due to sodium tox-
icity, sodium accumulation was measured after 2 weeks
of exposure to salinity. The mutant lines contained
slightly less sodium than wild-type plants. Although
the sodium content differences observed were statisti-
cally significant, the growth differences were unlikely
to be due to sodium toxicity (Fig. 3C).

Reproductive Output

Wild-type plants and M, generations of both mutant
lines were taken through to seed. Both mutant lines
produced substantially fewer and lighter seeds com-
pared to wild type (Fig. 4, A and B). Line 351 showed
the most significant reduction in reproductive output
as compared to wild type, with seed production only
10% of that shown by wild type and average seed
weight less than one-half of that noted in wild type.
Carbon-isotope ratios of harvested seed from mutant
line 351 were depleted in **C by up to 3%, (i.e. more
Cj-like) compared to wild-type seed whereas seed
from mutant line 371 was depleted in >C by up to 1%,
compared to wild type (Fig. 4C).

Metabolite Levels and CAM Expression

Following treatment with 0.3 M NaCl for 14 d, wild-
type plants showed a more than 4.5-fold day/night
change in the content of leaf titratable acids, whereas
both mutant lines showed less than a 1.5-fold change
in leaf titratable acids (Fig. 5A). Salt-stressed wild-type
plants also showed more than a 4-fold day/night
change in leaf starch content, whereas the leaves of
both mutant lines showed very low levels of starch
(3-fold lower than wild type at dawn) that failed to
exhibit any diel fluxes (Fig. 5B). Control (unstressed)
plants of both mutant lines showed similarly depleted
levels of leaf starch relative to wild-type plants (data
not shown). Assuming that two H" are equivalent to
one Mal and one Glc equivalent can generate two PEP,
there was a close stoichiometry between starch degra-
dation and titratable acid accumulation at night in the
salt-stressed wild type. The day/night changes in leaf
soluble sugar content were more pronounced and
greater in absolute abundance during the afternoon
period in both of the mutant lines compared to wild
type (Fig. 5C). In both of the mutant lines, the small
amounts of acid accumulated overnight could have
been furnished by PEP produced from soluble sugar
degradation using the same stoichiometric relation-
ship as described above.

Restoration of CAM by Sugar Feeding

To test the hypothesis that the CAM deficiency in the
mutants was due to a lack of substrate for nocturnal
malate synthesis, detached salted leaves of line 351
were incubated with either 0.2 M Glc or Suc. Suc
feeding restored the overnight accumulation of titrat-
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Figure 3. Growth and sodium content of the leaves and shoots of wild
type (WT) and two CAM-deficient lines of common ice plant. A,
Representative plants (bar = 1 cm). B, Shoot growth of WT and two
CAM-deficient lines (351 and 371) sampled after 28 d of growth under
unstressed conditions. Each bar is the mean of 39 plants = sp. Student’s
ttest Pvalue between WTand 351: P=2.2 X 10™'®** and between WT
and 371: P = 1.6 X 107'%*_C, Sodium content of the leaves and
shoots of WT and two CAM-deficient lines (351 and 371) sampled after
14-d treatment with 0.3 M NaCl. Each bar is the mean of four plants +
sp. Student’s t test P value between WTand 351: P= 2.5 X 10" °* and
between WT and 371: P = 1.9 X 10~ *,

able acidity in detached leaves of mutant lines 351 and
371 (Fig. 6) to levels comparable to those found in
salted wild-type plants (Fig. 5A). Feeding mutant
leaves with 0.2 M Glc also resulted in a nearly identical
restoration of titratable acidity in detached leaves of
the mutant lines (data not shown). Such results imply
that Suc was degraded to Fru and Glc, which were
then processed to produce PEP for organic acid syn-
thesis. Bulk analysis and HPLC analyses of the sugar-
fed leaves confirmed that the mutant was capable of
metabolizing exogenous Suc because there was an
increase in total soluble sugars and Glc and Fru
content in the leaf in parallel with the increase in Suc
while starch content remained unchanged (E. Antony
and T. Taybi, unpublished data). Detached leaves were
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Figure 4. Reproductive capacity and carbon-isotope ratios in seed of
wild type (WT) and two CAM-deficient lines of common ice plant
treated with 0.3 m NaCl over a 4-month growth period. A, Number of
seeds per plant. Each data point is the mean of 69 (351), 92 (371), or
131 (WT) plants = st. Student’s ttest P value between WTand 351: P =
2.2 X 107"+ and between WT and 371: P = 2.2 X 10 "o B,
Individual seed weight. Each data point is the mean of 69 (351), 92
(371), or 131 (WT) individual plants = se. Student’s t test P value
between WT and 351: P = 1.8 X 10~ '"** and between WT and 371:
P =1.2 X 10~**. C, Carbon-isotope ratios of seeds. Each data point is
the mean of 10 replicates = st. Student’s t test P value between WT and
351: P = 9.8 X 10~ "*** and between WTand 371: P = 1.2 X 107,

also fed with 0.2 M mannitol to confirm that alterations
in titratable acidity were not due to osmotic effects.
Mannitol treatment had no significant impact on ti-
tratable acidity changes in either wild type or mutant
lines (Fig. 6).

Plastidic PGM Enzyme Activity and mRNA Expression

To test the hypothesis that a defect in starch biosyn-
thesis and/or breakdown was responsible for the
observed CAM-deficient phenotype, key gluconeo-

232

genic enzymes leading to starch biosynthesis were
surveyed by in-gel activity staining assays. Phospho-
glucoisomerase (PGI), which catalyzes the intercon-
version of Fru-6-P and Glc-6-P, is present as three
distinct isozymes in the ice plant, one of which is
localized to the plastid (Fig. 7A). All three isozymes of
PGI showed similar activity in the wild type and
mutant lines 351 and 371 under control conditions,
whereas salinity elicited an increase in the activity of
the highest M, isozyme in all plants (Fig. 7A). Two
isozymes of PGM, which catalyzes the interconversion
of Glc-6-P <+ Glc-1-P, were present in leaves of wild-
type plants and the activity of both isozymes increased
in response to salinity in the wild-type plants (Fig. 7B).
In both mutant lines, salinity also elicited an increase
in activity of the higher M, cytosolic isoform of PGM,
but both 351 and 371 were deficient in the lower M,
plastidic isoform of PGM (Fig. 7B). As an additional
measure of the specificity of the genetic lesion associ-
ated with starch biosynthesis, the activity of ADP-Glc
pyrophosphorylase (AGP) was also monitored. AGP
catalyzes the first committed step in starch biosynthe-
sis in plants: Glc-1-P + ATP—ADP-Glc + pyrophos-
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Figure 5. Day/night changes in titratable acidity (A), starch (B), and
soluble sugar (C) content in leaves sampled from wild type (black
circles) and two CAM-deficient lines, 351 (white squares) and 371
(white circles), after exposure to 0.3 m NaCl for 14 d. Each point is the
mean of four replicates = se. Solid bars on the x axes represent the
periods of darkness.
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Figure 6. Restoration of CAM-deficient phenotype by sugar feeding of detached leaves. Leaves of wild type (WT) and CAM-
deficient lines 351 and 371 were detached from plants that had been treated with 0.3 M NaCl for 10 d and then placed in water
(control) or fed with 0.2 M Suc or mannitol for the latter 8 h of the photoperiod. Measurements of the change (A) in leaf titratable
acidity at the start and end of the subsequent dark period were determined and plotted as the difference between the two
measurements. Each point is the mean of five replicates = se. Student’s ttest P value for control between WTand 351: P= 5.4 X
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phate (PPi; Lee et al., 2007). In noncereal plants, most
AGP activity is localized to the plastid. Mutant lines
351 and 371 showed reduced AGP activity under
control conditions relative to wild-type plants, but in
salt-stressed plants the detectable activity of AGP was
largely restored (Fig. 7C), presumably through a salt
stress-induced increase in AGP expression. The salinity-
induced increases in enzyme abundance for PGI and
AGP are paralleled by increased steady-state tran-
script abundance (Cushman et al., 2008).

To verify that plastidic PGM expression was im-
paired in the CAM-deficient mutant lines, transcripts
for a variety of genes important for CAM, including
Ppck1 (Taybi et al., 2000), CAM-specific PEPC (Ppc1;
Cushman et al., 1989), CAM-specific Glc-6-P/Pi trans-
locator (Gpt2; Kore-eda et al., 2005), and plastidic Pgm2
were monitored by semiquantitative reverse transcrip-
tion (RT)-PCR. The transcript abundances of all genes
were similar in wild type and CAM-deficient mutant
lines (Fig. 8), with the exception of plastidic PGM,
which lacked any detectable mRNA in both mutant
lines 351 and 371. Uniform transcript abundance of
constitutively expressed Ubgl indicated that the total
RNA input was similar for all reactions (Fig. 8A).
Quantitative analyses, however, revealed approxi-
mately 4-h shifts in the day/night patterns of tran-
script abundance of the CAM-related genes in the
mutant lines in comparison to wild type (Fig. 8, C-E).
This was particularly marked for both Ppc1 and Gpt2,
which exhibited reduced transcript abundance during
afternoon and dusk (2 PmM and 6 PM) and elevated
abundance during the night (10 M and 2 AMm) in both
351 and 371 relative to wild type. Ppckl also exhibited
approximately a 4-h shift in relative transcript abun-
dance over the course of the day/night period (Fig. 8).
Such observations indicate a shift in circadian and/or
metabolite-mediated control of transcription in the
CAM-deficient lines.

Plant Physiol. Vol. 147, 2008

DISCUSSION

Isolation and Characterization of
CAM-Deficient Mutants

We have shown that a novel, yet simple, visual
screen using a colorimetric pH indicator dye can be
used for high-throughput screening and isolation of
ice plant mutants with a reduced ability to conduct
nocturnal acidification, a key feature of CAM (Fig. 5A).
Two mutant lines, designated 351 and 371, were
isolated using this screening protocol and were con-
firmed to be CAM deficient by their failure to conduct
nocturnal net CO, uptake after 2 weeks of treatment
with 0.3 M NaCl (Fig. 2). In wild-type plants, the same
salinity regime induced net dark CO, uptake within 7
d. After 2 weeks of salinity stress, approximately 50%
of net 24-h carbon gain occurred at night in wild-type
plants. However, lines 351 and 371 could not be des-
ignated as CAM-null mutants because a slight, but
significant, change in titratable acidity was measured
over 24 h in plants from both mutant lines exposed to
salinity for 2 weeks. Such nocturnal acidification can
be attributed to the refixation of respiratory CO, by
PEPC (Griffiths, 1988). Under control conditions (day
0), the reduced net CO, uptake in the mutant lines was
similar to that observed in a starchless mutant of
Arabidopsis (Arabidopsis thaliana) deficient in chloro-
plast PGM activity (Caspar et al., 1985) and reduced
CO, assimilation rates in a starchless mutant of Nico-
tiana sylvestris defective in plastidic PGM (Hanson,
1990) or in transgenic potato (Solanum tuberosum) in
which plastidic PGM expression was suppressed by
antisense inhibition (Lytovchenko et al., 2002). The
inability to use triose-P/Glc-6-P for starch synthesis
results in Pi limitation for ATP synthesis and ribulose-
1,5-bisP regeneration and could account for the ob-
served reductions in photosynthetic capacity (Sharkey
et al., 1986; Lytovchenko et al., 2002).
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Figure 7. In-gel activity stained gels of key glycolytic/gluconeogenic
enzymes. A, PGI (10 ug protein/lane). B, PGM (10 ug protein/lane). C,
AGP (50 ug protein/lane) in wild type (WT) and CAM-deficient lines
351 and 371 grown under control conditions or subjected to 0.3 m
NaCl for 14 d (WTS, 351S, and 371S). Representative gels from
triplicate assays are shown. Arrows indicate the position of the plastidic
isozymes.

CAM-Deficient Mutants Show Reduced Vegetative
Growth and Reproductive Output

Both of the mutant lines isolated in this study showed
a substantial reduction in leaf growth, seed number,
and seed weight compared to the wild-type plants (Fig.
4). Atleast part of the reduced growth and reproductive
output in mutant lines 351 and 371 can be attributed
to starch deficiency. The slow-growth phenotype is
similar to that observed for the starchless mutant of
Arabidopsis deficient in chloroplast PGM activity also
grown under a 12-h photoperiod (Caspar et al., 1985),
but not for the starchless mutant of N. sylvestris defec-
tive in plastid PGM grown under a 16-h light photope-
riod (Hanson and McHale, 1988). Floral initiation can
be delayed and seed production reduced by up to 50%
in starch-deficient mutants of Arabidopsis (Schulze
etal., 1994; Yu et al., 2000). However, the 90% reduction
in seed number from line 351 greatly exceeded that
predicted just from starch deficiency alone and is com-
parable to the reduction in reproductive output re-
ported when common ice plants were deprived of CO,
each night to minimize nocturnal carbon gain (Winter
and Ziegler, 1992). The seeds produced by line 351 were
more depleted in °C (i.e. more Cy-like) compared to
seeds from line 371, suggesting that the latter conducted
more nocturnal CO, uptake during the reproductive
phase. Presumably, differences occurred between the
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mutant lines in terms of carbohydrate allocation at the
reproductive phase, as indicated by the faster growth
rate of line 371, thereby resulting in higher CAM
activity in this line, which produced twice as many,
and significantly heavier, seeds than line 351. In sum-
mary, it would appear that the magnitude of CAM
engaged under saline conditions influenced the repro-
ductive success of common ice plant.

CAM-Deficient Mutants Are Deficient in Leaf Starch
and Plastidic PGM

As a complementary screen, and to confirm the
putative CAM defect indicated via the colorimetric pH
screen, salt-stressed mutants were also tested for de-
fects in day/night starch accumulation/depletion us-
ing a high-throughput iodine-staining protocol (Fig. 1).
A diagnostic feature of the CAM cycle in common ice
plant is reciprocal cycling of organic acids and starch,
so a failure to accumulate starch over the day might be
anticipated of a CAM-deficient mutant after the impo-
sition of salt stress. Both of the isolated mutant lines
showed this starch-deficient phenotype (Fig. 5B), but,
because well-watered plants of both lines also had very
low levels of leaf starch, it appears that starch defi-
ciency may be the cause, rather than a consequence, of
CAM deficiency. Interestingly, both CAM-deficient
mutant lines also exhibited elevated soluble sugar
accumulation (Fig. 5B). Starch deficiency and increased
soluble sugar accumulation is typically observed in the
leaves of Arabidopsis and N. sylvestris plastidic PGM
mutants (Caspar et al.,, 1985; Hanson and McHale,
1988) or following the antisense inhibition of plastidic
PGM expression in potato leaves (Lytovchenko et al.,
2002) or tubers (Tauberger et al., 2000). Native activity
gels (Fig. 7) and semiquantitative RI-PCR (Fig. 8)
revealed that the CAM-deficient lines of common ice
plant lacked expression of plastidic PGM, which can
account for the observed starch deficiency and in-
creased accumulation of soluble sugars.

Previous work has indicated that starch turnover
and content are key regulatory factors for the expres-
sion of CAM in common ice plant (Borland and Dodd,
2002). Salinity elicits substantial increases in a range of
enzyme activities that participate in glycolysis (Winter
et al., 1982) and starch degradation in common ice
plant (Paul et al., 1993), as well as their corresponding
steady-state transcripts (Cushman et al., 2008), which
together are thought to satisfy the demand for sub-
strate for PEPC-mediated dark CO, uptake as CAM is
induced. Moreover, in leaves of common ice plant that
were depleted in starch by 50% via exposure to CO,-
free air for 24 h, subsequent net dark CO, uptake in
ambient air was reduced by 50% relative to controls,
demonstrating the close stoichiometric relationship
between starch degradation and malate accumulation
(Dodd et al., 2003). Similar stoichiometric consider-
ations suggested that the low levels of titratable acids
that were accumulated overnight in leaves of the salt-
stressed mutants could have been derived from PEP
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that was generated from the breakdown of soluble
sugars. Consequently, sugar feeding of detached salted
leaves of lines 351 and 371 restored nocturnal acid
accumulation to levels that were comparable to those
in wild-type plants (Fig. 6). Thus, the CAM deficiency
in these mutants appears to be due to substrate lim-
itation of dark carboxylation. Although the feeding of
detached leaves with Glc or Suc was able to restore the
CAM phenotype short term in detached leaves, it
remains to be determined if restoration of carbohy-
drate alone is necessary and sufficient for the long-
term support of CAM. Expression of various 3-C and
6-C carbon and carboxylic acid transport functions
might be dependent upon the availability of sufficient
and/or appropriate carbohydrate reserves. However,
more importantly, the restoration of acid accumulation
by sugar feeding demonstrates the flexibility of the
CAM pathway in terms of utilizing different carbohy-
drate sources to generate substrate for nocturnal car-
boxylation. Such flexibility is mirrored by the diversity
of soluble and insoluble storage carbohydrates utilized
by different CAM species within and between different
genera to provide 3-C substrate for nocturnal acidifi-
cation (Christopher and Holtum, 1996). This observa-
tion also suggests that CAM has few, if any, unique
biochemical or regulatory requirements for nocturnal
carbohydrate mobilization. Thus, the convergent evo-
lution of CAM appears to have been facilitated by
exploiting existing biochemistry resulting from differ-
ent evolutionary histories for the breakdown of starch
and/or soluble sugars at night.
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CAM Mutants Reveal Regulatory Features and Metabolic
Consequences of CAM

In CAM plants, the expression, abundance, and
activity of PEPC serve as a diagnostic marker for the
potential capacity of nocturnal carboxylation and
magnitude of CAM (Winter, 1982; Borland et al,
1998). In common ice plant, salinity is known to elicit
an increase in the transcript abundance of Ppcl, which
encodes a CAM-specific isoform of PEPC (Cushman
et al.,, 1989), Ppck, the dedicated kinase that activates
PEPC at night in CAM plants (Taybi et al., 2000), and a
CAM-specific Gpt2, which is responsible for Glc-6-P
export across the chloroplast envelope during noctur-
nal starch mobilization and/or daytime starch synthe-
sis (Kore-eda et al., 2005). In this article, the wild type
and CAM-deficient mutants of common ice plant
showed comparable steady-state transcript abun-
dances of Ppcl, Ppck, and Gpt2. Moreover, lines 351
and 371 showed comparable levels of PEPC protein to
those in wild type as indicated by western blotting
(data not shown). Such observations imply that the
signaling elements responsible for engaging these key
drivers of CAM expression were not perturbed signif-
icantly by the mutation and that the CAM deficiency in
lines 351 and 371 was not attributable to a deficiency in
the potential capacity for nocturnal carboxylation.
However, the peak afternoon mRNA abundance of
Ppcl and Gpt2 was reduced in the CAM-deficient
mutants, and there were shifts in the day/night pat-
terns of transcript abundance of Ppcl, Ppck, and Gpt2
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in the mutant lines relative to wild type. PPCK is
known to be regulated at the level of transcript abun-
dance (Taybi et al., 2000) and circadian oscillations in
Ppck transcripts are known to be modulated by me-
tabolites such as malate (Borland et al., 1999). The
altered 24-h patterns of transcript abundance observed
in the mutants may be explained by the dampened
24-h cycling of malate and/or carbohydrates in these
plants compared to the wild type. Thus, the CAM-
deficient mutants of common ice plant will provide
further opportunities for determining which genes,
known to show circadian patterns of transcript abun-
dance, do so as a consequence of the metabolite cycling
associated with CAM. Such large-scale mRNA expres-
sion studies can now be accomplished using a custom
microarray developed recently for ice plant (Cushman
et al., 2008).

In conclusion, as a consequence of N; mutagenesis
and high-throughput screening methods, a large col-
lection of morphological and salt-sensitive (Agarie
et al.,, 2007) mutants, as well as the CAM-deficient
mutants described here, have been obtained for com-
mon ice plant. Such mutants will provide useful
material for future investigations into developmental
and salt tolerance studies. Whereas the CAM defi-
ciency of the two mutant lines described here appears
to be a corollary of starch deficiency, lines 351 and 371
provide a means for further elucidating which molec-
ular and metabolic attributes of CAM are a conse-
quence of the dynamic day/night changes in organic
acid content and internal [CO,] and [O,] that typify
this photosynthetic specialization.

MATERIALS AND METHODS
Establishment of Mutant Seed Banks

Common ice plant (Mesembryanthemum crystallinum) seeds were irradiated
by N; bombardment at a range of doses from 20 to 120 Gy using a cobalt 60
source at the reactor of the Atomic Energy Agency (courtesy of Dr. H. Brunner,
Vienna). Wild-type Nirradiated seeds (M,) were surface sterilized and
germinated in 150-mm disposable plastic petri dishes containing Murashige
and Skoog agar (0.43% Murashige and Skoog salts, 1X B5 vitamins, 3% Suc,
and 0.5% agar). The seedlings (M,) were grown in a growth chamber under
100 pmol m 2 s~ of cool-white fluorescent light on a 12-h (26°C) light/12-h
(18°C) dark photoperiod. After 1 month, the survival of the seedlings that
grew to an expanded second leaf pair and beyond was scored as positive for
survival. Based on survival rates, wild-type seeds that were irradiated with N¢
doses of 40 and 50 Gy (55%—60% survival) were taken forward for mutant
screening and were germinated on agar plates as described above. The plants
were selfed to obtain an M, population.

Plant Material

The M, seeds were germinated on agar as described above and 1-week-old
seedlings were transplanted into commercial soil mix (MetroMix 200; Scotts
Sierra Horticultural Products) and irrigated daily with 0.5X Hoagland solu-
tion number 2 (Hoagland and Arnon, 1950). Plants were grown in a green-
house under natural daylight supplemented with high-pressure sodium
lamps providing a photon flux density of 350 umol m > s™' on a 12-h light
(26°C)/12-h dark (18°C) cycle. Five-week-old plants were irrigated with 0.5X
Hoagland solution containing 0.3 M NaCl for 14 d. This treatment was found
to give uniform and adequate stress to fully induce CAM. Sampling of plants
at younger developmental stages or under shorter durations of stress treat-
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ment often resulted in false positives. To increase the number of plants that
could be screened, plants were grown in 24-well flats with a relatively small
rooting volume (0.2 L). This format allowed each flat of plants to be sampled at
both dawn and dusk using a single 48-well microtiter plate. If a putative
mutant were detected, the arrayed format allowed the corresponding plant to
be easily identified. This also reduced the size of the plants and also
minimized the plant growth space needed for mutant screens.

CAM Mutant Screen

Leaf pH assays were conducted on 24 individuals from each M, line before
and after the imposition of salinity by punching out a 0.23-cm? leaf disc with a
paper punch from the fourth or fifth leaves both at the end of the dark period
(dawn) and at the end of the light period (dusk), and immersing the leaf discs
in a solution of 0.025% (w/v) chlorophenol red (Sigma-Aldrich; indicator
grade no. 199524), a colorimetric pH indicator dye. Chlorophenol red has a
visual transition interval from pH = 4.8 (yellow) to pH = 6.4 (red), which
matches the pH difference observed between morning and evening measure-
ments made in CAM-performing ice plant (see Supplemental Fig. S1). The
goal was to identify individual mutants amid a population of wild-type plants
by simply visualizing the color differences between leaf samples in a micro-
titer plate assay, rather than by measuring the absolute leaf pH of each
individual plant independently. After 4 h, the plates were examined for color
development. Plants that failed to undergo nocturnal acidification as indi-
cated by the colorimetric pH assay were classified as putative mutants. These
plants were retested after 1 and 2 weeks of additional salt stress to rule out
false positives. Seed (M) was collected from each plant of a putative mutant
line, planted, and M; plants reassayed as above. To confirm putative mutants,
positive and apparent false positives that were identified using the pH screen
were subjected to a leaf starch content assay as previously described (Caspar
etal., 1985). Leaf discs (0.23 cm?) were placed in 100% methanol and incubated
for 30 min with a starch-staining solution containing 5.7 mm iodine, 43.4 mm
potassium iodide, and 0.2 N HC], and followed by a wash with 80% (v/v)
ethanol. Starch-containing leaf discs turned purple. Positives were grown to
maturity to collect M, seed.

Net CO, Exchange

M, seeds from wild type and two putative CAM-deficient mutant lines
(351 and 371) were germinated and propagated as described above. Plants
were grown in a controlled environment chamber with a 12-h photoperiod, a
day/night temperature regime of 25°C/18°C, and photon flux density of 350
pmol m~2 57! at plant height. Five-week-old plants (primary leaf 4 fully
emerged) were irrigated daily with 0.5X Hoagland solution containing 0.3 M
NaCl for up to 14 d. Gas exchange measurements were made at day 0
(control), day 7, and day 14 of the salinity treatment. Net CO, uptake was
monitored continuously on a single leaf (primary leaf 4) over 24-h periods
with three separate runs made for each treatment. The leaf was enclosed in a
gas exchange cuvette, which tracked the environmental conditions in the
growth chamber with gas exchange parameters measured using an open
infrared gas analyzer (H. Walz). Rates of net CO, exchange were calculated
using DIAGAS software provided by Walz.

Leaf Sodium Content

The sodium content of leaves was determined by flame photometry. Dried
plant tissue was combusted overnight at 550°C. The ashed samples were
placed in ceramic crucibles and moistened with a few drops of distilled water
and extracted three times with concentrated HCI while incubated in a steam
bath. The sodium was determined in diluted extracts via flame photometry
using 0, 0.8, 1.6, 2.4, 3.2, and 4.0 ug mL™! sodium as standards. Statistical
significance was determined using Student’s ¢ test, assuming unequal vari-
ances (as indicated by a simple test for the homogeneity of variances) using
the R statistical software package (http://cran.r-project.org).

Seed Weight and Production

Wild-type and M, seeds from two putative CAM-deficient mutant lines
(351 and 371) were germinated and propagated as described above under
greenhouse conditions except that individual plants were grown in 1-L
styrofoam pots containing commercial soil mix (MetroMix 200) and irrigated
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every other day with 0.5X Hoagland solution number 2. Five-week-old plants
were irrigated every other day with 0.5X Hoagland solution containing 0.3 m
NaCl for up to 3 months until flowering was completed. Plants were then
allowed to dry completely. Seed pods were harvested and seeds were cleaned,
counted, and weighed from individual plants.

Carbon-Isotope Ratio Analyses

Samples of 1 = 0.1 mg dry weight were taken from each batch of seeds
from wild type and lines 351 and 371 (10 samples from each line) and were
placed in tin capsules (D1006; Elemental Microanalysis) before positioning in
an autosampler. Samples were then passed through a combustion furnace,
reduction furnace, water traps, and gas chromatograph before being trans-
ferred to the mass spectrometer. Enrichment in *C was determined using
continuous flow isotope ratio mass spectrometry (ANCA SL preparation unit
interfaced with a 20/20 mass spectrometer; PDZ Europa). All samples were
analyzed in duplicate and referenced to an internal flour standard. The flour
standard had been previously calibrated against NBS22 IAEA standard.
Results are given as SBC (%)-

Leaf Titratable Acidity, Soluble Sugar, and
Starch Content

Leaves (primary leaf 4) were harvested from wild type, lines 351 and 371,
at 4-h intervals over a 24-h light/dark cycle after the plants had been treated
with 0.3 M NaCl for 2 weeks. The sampled leaves were snap frozen, powdered
in liquid N,, and stored at —80°C until analyzed. Frozen tissue (0.3 g) was
ground completely using a mortar and pestle and placed in 3 mL of 80%
ethanol at 80°C for 1 h. Aliquots of the methanol extracts were titrated against
1 mol m~® NaOH to a neutral endpoint, as indicated by phenolphthalein or
direct measure with a pH meter, and leaf titratable acidities were expressed as
umol HY g71 fresh weight.

The soluble sugar content of methanol extracts was determined using the
colorimetric phenol-sulfuric acid test as described (Dubois et al., 1956).
Soluble sugars from the methanol extract were assays for Glc equivalents.
The remaining insoluble leaf material was rinsed several times in distilled
water, ground in 0.1 M acetate buffer (pH 4.5), and boiled for 30 min. After
cooling, each extract was incubated with 5 units of amyloglucosidase and 0.5
units a-amylase (Sigma-Aldrich) overnight at 40°C. After centrifugation at
12,000¢ for 10 min, the supernatant was assayed for Glc equivalents as
described (Dubois et al., 1956).

Sugar Feeding of Detached Leaves

Four-week-old plants were irrigated every other day with 0.5X Hoagland
solution (control) or with 0.5X Hoagland solution containing 0.3 M NaCl (salt
stressed) for 10 d. Replicates of primary leaf 4 were detached, weighed, and
the petiole immersed in water for the controls and 0.2 M Glc, Suc, or mannitol
solutions for the treatments. Sugar feeding commenced 2 h into the photo-
period and lasted until the leaves were sampled at the end of the photoperiod
(10 h in sugar solution) and at the end of the dark period (22 h in sugar
solution). Leaves were frozen in liquid N, and stored at —80°C until analyzed
for titratable acids and soluble sugar content as described above.

In-Gel Enzyme Activity Assays

Five-week-old plants were irrigated every other day with 0.5X Hoagland
solution (control) or with 0.5X Hoagland solution containing 0.3 M NaCl (salt
stressed) for 14 d. In-gel enzyme activity assays for PGI (EC 5.3.1.9), PGM (EC
54.22), and AGP (EC 2.7.7.27) were conducted according to previously
described methods using 7% (w/v) PAGE with PGI and PGM activity
detected as the formation of formazan in enzyme-coupled reactions, whereas
AGP activity was detected by calcium pyrophosphate precipitation (Wang
et al., 1998).

Total RNA Isolation and Semiquantitative RT-PCR

Total RNA was purified from 150 mg of powdered leaf tissue bulked from
leaves of four individual plants using TRIzol reagent (Invitrogen) as described
(Taybi and Cushman, 1999). After the assessment of total RNA quality and
quantity, 5 ug of total RNA were treated with amplification grade RNase-free
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DNase I (Invitrogen) to prevent amplification of genomic DNA. DNase-
treated RNA was then diluted to 50 ng uL ™' and subjected to RT-PCR
amplification. Single-tube RT and PCR reactions were carried out in a final
volume of 25 uL using the Qiagen One-Step RT-PCR kit (Qiagen) according to
the manufacturer’s protocol. The final concentrations for RT-PCR reaction
components were as follows: 1X One-Step RT-PCR buffer (2.5 mm MgCl,, Tris-
Cl, KCl, (NH,)SO,, dithiothreitol; pH = 8.7), dNTP mix (400 um each of dATP,
dCTP, dGTP, and dTTP), enzyme mix (40 um dithiothreitol, 4 um EDTA,
Omniscript and Sensiscript reverse transcriptases, and HotStarTaq DNA
polymerase), 50 ng total RNA, and 0.6 uM of each forward and reverse
gene-specific primer. RT-PCR was conducted as a single-tube reaction and
cDNA synthesis was promoted using the reverse primer. PCR primers used to
assess gene expression and cycle conditions are listed in Supplemental Table
S1. The housekeeping gene encoding Ubql (GenBank accession no. AF053563)
was used as an internal PCR control for normalizing differences in gene
expression as expression of Ubq1 remains constant over the day/night cycle in
leaves from well-watered and salted common ice plants (Boxall et al., 2005).
PCR products were examined on 1.2% agarose gels stained with ethidium
bromide and photographed under UV light. RNA input amount and cycle
number were individually optimized for each gene, which ensured a linear
relationship between total RNA input and product quantity when separated
on gels. The amplification of each cDNA was perfectly specific. Densitometric
analysis of stained bands was performed using the National Institutes of
Health Image] program (http://rsb.info.nih.gov/ij/).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AF158091 (Ppckl), X13660 (Ppcl),
BG269256 (Pgm2), AB190772 (Gpt2), and AF053563 (Ubql).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. The pH curve for the colorimetric indicator
dye chlorophenol red (2-chloro-4-[3-(3-chloro-4-hydroxyphenyl)-1,1-
dioxobenzo[c]oxathiol-3-yl]phenol).

Supplemental Table S1. Primer sets and conditions used for semiquan-
titative RT-PCR analyses.
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