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Differential Regulation of Sugar-Sensitive Sucrose Synthases
by Hypoxia and Anoxia Indicate Complementary
Transcriptional and Posttranscriptional Responses’
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The goal of this research was to resolve the hypoxic and anoxic
responses of maize (Zea mays) sucrose (Suc) synthases known to
differ in their sugar regulation. The two maize Suc synthase genes,
Sus1 and Sh1, both respond to sugar and O,, and recent work
suggests commonalities between these signaling systems. Maize
seedlings (NK508 hybrid, W22 inbred, and an isogenic sh7-null
mutant) were exposed to anoxic, hypoxic, and aerobic conditions
(0, 3, and 21% O,, respectively), when primary roots had reached
approximately 5 cm. One-centimeter tips were excised for analysis
during the 48-h treatments. At the mRNA level, Sus7 was rapidly
up-regulated by hypoxia (approximately 5-fold in 6 h), whereas
anoxia had less effect. In contrast, Sh1 mRNA abundance increased
strongly under anoxia (approximately 5-fold in 24 h) and was much
less affected by hypoxia. At the enzyme level, total Suc synthase
activity rose rapidly under hypoxia but showed little significant
change during anoxia. The contributions of SUS1 and SH1 activities
to these responses were dissected over time by comparing the
sh1-null mutant with the isogenic wild type (Sus+, Sh1+). Sh1-
dependent activity contributed most markedly to a rapid protein-
level response consistently observed in the first 3 h, and, subse-
quently, to a long-term change mediated at the level of mRNA
accumulation at 48 h. A complementary midterm rise in SUS1
activity varied in duration with genetic background. These data
highlight the involvement of distinctly different genes and probable
signal mechanisms under hypoxia and anoxia, and together with
earlier work, show parallel induction of “feast and famine” Suc
synthase genes by hypoxia and anoxia, respectively. In addition,
complementary modes of transcriptional and posttranscriptional
regulation are implicated by these data, and provide a mechanism
for sequential contributions from the Sus7 and Sh7 genes during
progressive onset of naturally occurring low-O, events.

Low O, induces marked changes in physiology and gene
expression in plants and poses an important environmental
stress (for review from different perspectives, see Perata
and Alpi, 1993; Sachs et al., 1996; Dolferus et al., 1997;
Drew, 1997; Setter et al., 1997; Vartapetian and Jackson,
1997). Most genes are rapidly down-regulated under these
conditions; however, there are notable exceptions. Some of
these remain unidentified (Hake et al., 1985), whereas oth-
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ers that could facilitate ethanolic fermentation (Peschke
and Sachs, 1993; Rivoal et al., 1997; Dennis et al., 1984, 1985;
Paul and Ferl, 1991a) and glycolysis (Sachs et al., 1980;
Bouny and Saglio, 1996) have been identified. Glycolytic
genes that are markedly up-regulated under hypoxia
and/or anoxia include Suc synthases (McCarty et al., 1986;
Springer et al., 1986; Bailey-Serres et al., 1988; McElfresh
and Chourey, 1988; Rowland et al., 1989; S.L. Fennoy, T.
Nong, and J. Bailey-Serres, personal communication), Gle-
6-phosphate isomerase (Kelley and Freeling, 1984b), Fru-
1,6-bisphosphate (Kelley and Freeling, 1984a; Kelley and
Tolan, 1986), enolase (Lal et al., 1991, 1994; S.L. Fennoy, T.
Nong, and J. Bailey-Serres, personal communication), aldo-
lase (Hake et al., 1985; Dennis et al., 1988; S.L. Fennoy, T.
Nong, and J. Bailey-Serres, personal communication), and
glyceraldehyde-3-phosphate dehydrogenase (Russell and
Sachs, 1989).

Among these low-O,-induced proteins, Suc synthase oc-
cupies a prominent position because it typically catalyzes
the essential first step in C use by Suc-importing cells.
Although Suc synthase and invertase can both cleave Suc,
invertase activity declines under anoxia (Guglielminetti et
al., 1997; Y. Zeng and K.E. Koch, unpublished data). Suc
synthase therefore has the major role in the utilization of
Suc under low-O, conditions (Guglielminetti et al., 1995;
Perata et al., 1997). Previous studies in maize (Zea mays)
indicated that the Sh1 gene for Suc synthase was strongly
induced at the mRNA level under anaerobic conditions
(McCarty et al., 1986; Springer et al., 1986; McElfresh and
Chourey, 1988; Rowland et al., 1989; Taliercio and
Chourey, 1989), however, debate has persisted regarding
changes at the protein level. Although some studies have
reported little (Rowland et al., 1989) or no change at the
protein level (McElfresh and Chourey, 1988; Chourey et al.,
1991), others have demonstrated closer associations be-
tween mRNA abundance and protein synthesis and en-
zyme activity in maize (Springer et al., 1986; Bailey-Serres
et al., 1988; Guglielminetti et al., 1997), rice (Ricard et al.,
1991), and Arabidopsis (Martin et al., 1993). Evidence pre-
sented in this study indicates that differences in the degree
of O,-deprivation treatments, hypoxia versus anoxia, and
the time course of experiments may be important factors
contributing to these contradictory results.

In addition, the two Suc synthase genes in maize are
differentially responsive to sugar availability (Koch et al.,
1992; Koch, 1996). Sh1 is maximally expressed under con-
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ditions of limited carbohydrate supply, whereas Susl is
up-regulated when sugars are abundant (Koch et al., 1992;
Koch, 1996). Sus1 and Sh1 are typically “feast and famine”
genes, respectively. Recent work in this area has indicated
that metabolic C flux rather than sugar levels mediate
signals to sugar-responsive genes (Koch, 1996; Jang et al.,
1997). If so, then low O, could alter input into these sugar-
sensing systems. Research presented here was motivated in
part by evidence that the sugar-responsive Susl and Shl
genes also differed in the degree to which they responded
to low O, (McCarty et al., 1986), further supporting the
possible link between sugar- and O,-signaling systems. In
addition to long-term effects on carbohydrate depletion,
both sugar and O, levels can alter C flux through the first
step in glycolysis, which is catalyzed by hexokinases, one
or more of which can also mediate the first step in a sugar
signal-transduction pathway (Koch, 1996; Jang et al., 1997).
Work here tested Suc synthase responses for initial com-
patibility with such an interface between low-O,- and
sugar-sensing systems.

Finally, increasing evidence points to distinct differences
between hypoxic and anoxic stresses (Johnson et al., 1989,
1994; Andrews et al., 1994; Bouny and Saglio, 1996; He et
al., 1996a, 1996b; Drew, 1997) that extend from gene ex-
pression to morphology and physiology. These differences
may well include contrasting effects on Suc synthases. In
past studies the Sus1 and Sh1 genes have exhibited varying
degrees of low-O, sensitivity (as noted above), however,
the two types of low-O, stress were not distinguished in
these earlier experiments.

The purpose of this research was to further define the
low-O, responses of the maize Suc synthases, which are
known to be differentially sugar modulated. Effects of
hypoxia and anoxia were compared over time at the
mRNA, protein, and enzyme activity levels, and results
were examined in the context of a possible link between
sugar- and O,-sensing systems. An additional, unexpected
aspect of this work was the contrast in patterns of temporal
regulation revealed for both Susl and Sh1 by time-course
analyses of low-O, responses. Both transcriptional and
posttranscriptional modes of up-regulation are implicated.

MATERIALS AND METHODS

Maize (Zea mays L.) seeds of hybrid NK508, inbred W22,
and an isogeneic shl-deletion mutant (in a W22 back-
ground) were surface sterilized for 20 min in 0.525% (v/v)
bleach, and rinsed with water for 20 min. Seeds were
germinated in the dark at 18°C on two layers of moist 3MM
paper (Whatman) in 27- X 39-cm glass pans. Each pan was
sealed with plastic (except import and export tubes) and
supplied with a continuous air flow of 1 L min~' through-
out the 5- to 7-d germination period. Entire seedlings were
exposed to this environment and remained on moist filter
paper throughout the experiment. During subsequent ex-
perimental treatments, terminal 1-cm tips were excised
from primary roots at selected time points, weighed, frozen
in liquid N,, and stored at —80°C. Approximately 90 root
tips (approximately 0.65 g) were pooled for each sample,

Plant Physiol. Vol. 116, 1998

which was subdivided for analysis of enzyme activity and
mRNA levels.

Hypoxic and Anaerobic Treatments

Experimental treatments were initiated when primary
root length had reached approximately 5 cm (about 7 d for
W22 and the shl-null mutant, and 5 d for NK508). A
positive pressure and gas flow of 1 L min~' was main-
tained for anoxic (N, only), hypoxic (3% O, in N,), and
aerobic (ambient air) treatments. Each source was fully
humidified prior to chamber entry. Entire seedlings were
exposed and remained on moist filter paper. Despite vig-
orous gassing with N,, trace levels of O, were possible. In
addition, the onset of the low-O, treatments was delayed
somewhat for many root cells because of the initial short-
term presence of internal O, in these tissues. Root tips were
sampled after 3, 6, 12, 24, and 48 h of treatment, and intact
controls were monitored for the poststress regrowth that
occurred to varying degrees in all instances (data not
shown).

Enzyme Extraction and Assay

Frozen samples were ground to a fine powder in liquid
N, using a mortar and pestle. Frozen powder was trans-
ferred to a second, chilled mortar for continued extraction
in medium containing 200 mm Hepes buffer, pH 7.5, 1 mm
DTT, 5 mm MgCl,, 1 mm EGTA, 20 mM sodium ascorbate,
1 mm PMSF, and 10% (w/v) polyvinylpolypyrrolidone.
The buffer-to-tissue ratio was 10:1. Buffered extract was
centrifuged at 14,000¢ for 1 min, and the supernatant was
dialyzed (10,000 M, cutoff) at 4°C for 24 h against extrac-
tion buffer diluted 1:40. The buffer was changed several
times during dialysis.

Suc synthase activity was assayed in the synthetic direc-
tion. Reaction buffer (70 pL) contained 50 mm Hepes-
NaOH buffer, pH 7.5, 15 mm MgCl,, 10 mm Fru, 5 mm
UDP-Glc, and 20 pL of enzyme extract. Assays were con-
ducted at 30°C for 30 min and terminated by adding 70 uL
of 30% KOH. Controls were terminated at 0 min. Unreacted
Fru was removed during a subsequent 10-min incubation
at 100°C. After cooling, each assay was incubated with 1
mL of 0.14% anthrone in H,SO, at 40°C for 20 min, and
Agro Wwas measured. Protein was quantified according to
the method of Bradford et al. (1976), with BSA as the
standard.

RNA Extraction and Analysis

Frozen samples were ground to a fine powder in liquid
N,. RNA was extracted using the method of McCarty
(1986), and quantified by A,s,. Ten micrograms of total
RNA was separated by electrophoresis in 1% agarose gels
containing formaldehyde, transferred to a nylon mem-
brane, and hybridized with maize cDNA probes for Shil
and Susl (gift from L.C. Hannah, University of Florida,
Gainesville), and Alcohol dehydrogenase 1 (Adhl, a gift from
R. Ferl, University of Florida), as in Koch et al. (1992). Blots
were visualized on radiographic film at —80°C, and the
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relative abundance of mRNA was quantified using a phos-
phor imager (Molecular Dynamics, Sunnyvale, CA).

Protein Gel Blots

Protein extracts were denatured and separated by SDS-
PAGE in a vertical gel apparatus. Each lane was loaded
with 5 ug of protein and electrophoresed at 4°C. Acryl-
amide was 7.5 and 3.0% (w/v) in the separating and stack-
ing gels, respectively. Samples entered gels at a constant
voltage of 200 V and moved through stacking and separat-
ing gels at 70 and 200 V, respectively. Proteins were elec-
troblotted onto nitrocellulose membrane, blocked with
BSA (3% [w/v] in PBS plus 0.05% Tween 20), and reacted
with antibody against SH1 and SUSI proteins (Koch et al.,
1992) (a 1:2000 antibody dilution at 22°C for 1 h in PBS-
Tween containing 1% [w/v] BSA). Following initial hybrid-
ization, membranes were rinsed with PBS-Tween for 3 X 20
min and reacted with secondary antibody (alkaline
phosphatase-conjugated goat anti-rabbit IgG [Bio-Rad] di-
luted 1:2000 in PBS-Tween 20 containing 1% BSA). Anti-
body hybridization was visualized using nitroblue tetrazo-
lium chloride and 5-bromo-4-chloro-3-indolyl phosphate.

RESULTS
Sus1 mRNA Levels Respond Markedly to Hypoxia

A pronounced feature of the low-O, responses of root
tips of maize seedlings shown in Figure 1 is the rapid
increase of Susl mRNA abundance in response to hypoxia
(3% O,). Within the first 6 h, Susl mRNA levels rose to
levels 4- to 5-fold greater than in the aerobic controls of
both the hybrid (NK508) and inbred (W22) maize geno-
types tested. However, responses of the two genotypes

>

differed in that the abundance of Susl mRNA in the NK508
(hybrid) plateaued at a high level for at least 48 h under
hypoxia, whereas Sus1 message levels in the W22 (inbred)
began to decrease after a peak at 6 h, declining to near
noninduced levels by 48 h. This difference was initially
unexpected because overt contrasts in growth or other
low-O, responses had not been evident between NK508
and W22. The latter was examined as a second, wild-type
control for more precise comparisons with a shl-null mu-
tant in the same isogenic background.

Under anoxic (0% O,) conditions SusI mRNA abundance
increased much more slowly in both maize genotypes,
having risen about 1- to 2-fold above aerobic controls
within 24 h. Consistent with recent work (S.L. Fennoy, T.
Nong, and ]. Bailey-Serres, personal communication), little
or no Susl response was detected at the mRNA level prior
to 12 h under anoxia. However, the slow increase was
similar to that reported by McCarty et al. (1986) after 24 h
of seedling submersion. The present work thus demon-
strates a considerably stronger and more rapid response of
Sus1 mRNA levels to hypoxia (3% O,) than anoxia (0% O,),
and a difference in duration dependent on genetic back-
ground.

Sh1 mRNA Levels Respond Markedly to Anoxia

Figure 2 shows that although Sh1 mRNA levels did not
rise significantly above those of aerobic controls until 12 h
of anoxia, they ultimately increased by more than 5-fold
during a 24-h period in both maize genotypes. Sh1 mRNA
abundance continued to rise slowly thereafter. Other stud-
ies have reported anaerobic responses as great or greater
for Sh1 at the mRNA level in 24-h experiments (McCarty et
al., 1986; Springer et al., 1986; Bailey-Serres et al., 1988;

Figure 1. Time course and extent of change in
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Figure 2. Time course and extent of change in

b

Zeng et al.

Plant Physiol. Vol. 116, 1998

Sh1 mRNA levels in root tips of intact hybrid E 100 =
(NK508) (A) and inbred (W22) (B) maize seed- 0% -“ 2 80
lings under 0% O, (anoxic), 3% O, (hypoxic), or - < 60 - |
21% O, (aerobic) conditions. Blots were identi- O 3% e T z bl 3
cal to those probed with Sus7 in Figure 1, except E 4
that mRNA was hybridized with a ¢cDNA for 21% — - z 20 = 21%
Shi. Visualization and quantification were also ﬁ 0 +—r—T—TTT T T
as in Figure 1. Error bars represent the means * 0 3 6 12 24 48 036 12 24 48
SE of two to three experiments. Time (h) Time (h)
B -
s
E
- I
S s
2 3% 4
-... - =
@
21% W 2
K]
@
0 3 6 12 24 48 &«

Time (h)

Time (h)

McElfresh and Chourey, 1988; Rowland et al., 1989) and
also in shorter-term experiments (S.L. Fennoy, T. Nong,
and J. Bailey-Serres, personal communication). In contrast,
hypoxic conditions had a rapid but less marked effect on
mean Shl mRNA levels. The increase was variable in the
NK508 hybrid, and although a significant rise was ob-
served within the first 6 h in W22, the mRNA level declined
thereafter. Comparison of these hypoxic and anoxic re-
sponses defines Sh1 as an anaerobic gene that is distinctly
less sensitive to hypoxia than to anoxia (unlike Sus1), and
demonstrates the extended time course that can be in-
volved in the Sh1 response.

Enzyme Responses Include Changes in Protein
Abundance and Activity

Figure 3 shows that total Suc synthase activity rose rap-
idly in response to hypoxia, approximately doubling
within the first 3 h for both genotypes. Activity persisted at
the elevated levels throughout the 48-h time course, in-
creasing more slowly after 6 h. In seedlings of both genetic
backgrounds (NK508 and W22), little or no change in mean
total activity was observed after 48 h of anoxic treatment.

Western-blot analyses were conducted to determine the
degree to which changes in SH1 and SUS1 protein abun-
dance may have contributed to the differences in Suc syn-
thase activity under 0, 3, and 21% O, conditions. Figure 3C
indicates that despite the smaller effects of hypoxia com-
pared with anoxia on levels of Sh1 mRNA (Fig. 2), SH1
protein was more abundant under hypoxia than under
either anaerobic or aerobic conditions. As with the Shl
mRNA, an increase in SH1 protein levels was evident after
as little as 3 h of hypoxia. SUS1 protein levels were also
enhanced by hypoxia, and although responses appeared to
be less pronounced than for SH1, direct comparison be-
tween the two is difficult due to a slight antibody prefer-
ence for SH1 (Koch et al., 1992). Together, these results
suggest that changes in relative isozyme levels and protein

abundance may have contributed at least partially to the
observed changes in Suc synthase activity.

Sus1 Gene and SUS1 Protein Responses to Hypoxia and
Anoxia in the sh7-Null Mutant

To appraise the individual contributions from the Shl
and Susl genes to hypoxic and anoxic responses, compar-
ative studies were conducted using a shl-null mutant in
which the shl gene has been deleted, but is otherwise
isogenic to the W22 wild type. Results shown in Figure 4A
confirm that in the shl-null mutant, the low-O, responses
of Susl mRNA were similar to those shown for the W22
wild type shown in Figure 1B (note quantified values in
both figures). This comparison is consistent with earlier
work (Chourey and Talercio, 1994) indicating that Susl
does not fully compensate in the absence of Shl.

However, Figure 4B showed that SUS1 activity in the
shl-null mutant responded differently to low O, than did
total Suc synthase activity (SUS1 plus SH1) in the isogenic
wild type (Fig. 3B). Under hypoxic conditions there was a
pronounced 6-h delay before increases in SUS1 activity
could be detected in the sh1-null mutant, whereas in wild-
type root tips, total activity had consistently risen in less
than 3 h. Under more extreme anoxic conditions, SUS1
activity clearly decreased during the same period, consis-
tently dropping to levels one-half that of aerobic controls.
These reductions were statistically significant and re-
mained below aerobic controls for the first 12 h of low O,.
The decrease was not countered by rises in activity ob-
served between 6 and 12 h in all genotypes and experi-
ments. Significant long-term decreases in SUS1 activity
were observed under anoxia but not hypoxia. In fact, the
contrasting increases observed under hypoxia (Fig. 4B)
indicate that SUS responses are strongly sensitive to differ-
ences in O, availability. SUS activity in shl-null mutants
may thus differ markedly between treatments such as sub-
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Figure 3. Influence of low O, on Suc synthase activity and protein
levels. Time course of the change in relative Suc synthase activities
in root tips of intact hybrid (NK508) (A) and inbred (W22) (B) maize
seedlings under 0% O, (anoxic), 3% O, (hypoxic), or 21% O,
(aerobic) conditions. Data are the means = st of two to three exper-
iments, and values are plotted as a percentage of the maximum
activity (137 and 152 umol Suc g~ fresh weight h™" for NK508 and
W22, respectively). Profiles were similar if expressed per unit of
protein. C, Protein gel-blot analysis of SH1 and SUST proteins from
NK508 seedlings. Five micrograms of protein was loaded in each
lane, separated via SDS-PAGE, transferred to a nitrocellulose mem-
brane, and hybridized with antibody cross-reactive to both SH1 and
SUST proteins, but preferential for SH1 (Koch et al., 1992). Results
were similar for the W22 inbred line (data not shown).

mersion (often hypoxic) and N, gassing (Guglieminetti et
al., 1996), and may be very sensitive to trace amounts of O,.

After 12 h, a decrease in mean SUSI activity was ob-
served under low O,, and although minimally evident
under hypoxia, activities under anoxia had dropped to
barely detectable levels by 48 h. This contrasted markedly
to the capacity for maintenance and even increase in total
Suc synthase activity (SUSI plus SH1) in the isogenic wild
type under anoxia and hypoxia, respectively (Fig. 3B). In-

creases in total activity under hypoxic conditions were
greater when both SUS1 and SH1 proteins were present,
but the greatest effect of SH1 appears to be in maintaining
Suc synthase activity under anoxia. These results suggested
that SH1 activity contributed significantly to both the very
early and long-term responses of maize root tips under
severe low-O, stress.

The protein gel blots shown in Figure 4B verified an
increase in SUS1 protein abundance that coincided with the
elevated Suc synthase activity observed in the shl-null
mutant after 12 h of hypoxia (Fig. 4B). These and similar
data from 24-h analyses (not shown) were consistent with
responses of the same gene and protein in wild-type
seedlings.

Adh1 as an Indicator of O, Status

The known anaerobic up-regulation of Adhl (Dennis et
al., 1984, 1988; Paul and Ferl, 1991a, 1991b) was used here
to verify the low-O, status at the metabolic level in each
experiment. The mRNA analyses shown in Figure 5 were
from blots identical to those for experiments using NK508
shown in Figure 1. Responses to hypoxia and anoxia were
rapid, rising approximately 5- to 6-fold within 6 h of treat-
ment, and continuing for 24 h for 0% O,. The extent and
kinetics of this increase were as reported earlier, although
mRNA levels persisted longer in the present work (An-
drews et al., 1994).

Contrasting Temporal Profiles for Hypoxic and Anoxic
Contributions at the mRNA and Protein
Accumulation Levels

Figure 6 compares the temporal profiles of hypoxic and
anoxic responses of the two Suc synthases at the mRNA
and enzyme activity levels, and presents these relative to
concurrent changes in SUS1- and SH1-dependent enzyme
activities in the W22 inbred. SUSI activity was assayed
directly in the sh1-null mutant, and SH1-dependent activity
was determined as the difference between the shl-null
mutant and its isogenic wild type. Collectively, these data
indicate marked differences in responses depending on
whether they occur in the first 3 to 6 h, during a second 6-
to 12-h period, or as part of a long-term response over 24 to
48 h. In addition, the effects of hypoxia and anoxia have
distinctly different temporal profiles that are typified at the
mRNA level by rapid Susl and more prolonged Shl in-
creases, respectively. Contrasts between profiles for nRNA
and enzyme activity indicate that complementary modes of
transcriptional and posttranscriptional regulation are op-
erating under hypoxia and anoxia, and that these change
over the duration of each stress.

Profiles of the SUS1- and SH1-dependent activities are
also shown in Figure 6. SUS1 activity was consistently
lower in the sh1-null mutants during initial phases of either
hypoxia or anoxia, whereas the same was not observed for
total activity when SH1 was present in the isogenic wild
type. The profile of SH1-dependent activity highlights the
marked contribution by this form under low-O, stress, and
its capacity for two distinct response phases. The first is a
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Figure 5. Time course and extent of change in abundance of Adh1
mRNA in root tips of intact maize seedlings of NK508 as a marker for
O, status under 0% O, (anoxic), 3% O, (hypoxic), and 21% O,
(aerobic) conditions. Blots were identical to those shown in Figure 1,
except that mRNA was hybridized with a cDNA for Adh1. Visual-
ization and quantification were also as in Figure 1.

rapid but transient increase, primarily at the enzyme activ-
ity level under hypoxia. The second is a prolonged rise in
SH1-dependent activity under both low-O, treatments,
which correlates with Sh1 mRNA levels under the anoxic
treatment. Between 24 and 48 h, this rise in SH1-dependent
activity can account for about one-half of the total increase
under hypoxia, and almost all of the activity maintained
under anoxia.

DISCUSSION

This study provides evidence for Susl and Shl as pre-
dominantly hypoxic and anoxic genes, respectively (paral-
lel to their induction by carbohydrate “feast and famine”
conditions), and describes the contributions by each of
these Suc synthase genes to low-O, responses at the
mRNA, protein, and enzyme levels.

The first portion of this study, focusing on gene expres-
sion at the mRNA level, has three implications: First, our
data extend the contention by Drew and co-workers (John-
son et al., 1989, 1994; Andrews et al., 1994; He et al., 1996a,
1996b; Drew, 1997) that hypoxia and anoxia are distinctly
different stresses involving different genes and signals.
Second, temporal response profiles help clarify discrepan-
cies between previous single-point studies in the literature,
and suggest a means for sequential, transcriptional contri-
butions by Sus1 and Sh1 during O,-depletion events. Third,
differential regulation of Susl and Shl by O, parallels
closely the differential modulation of the same genes by
sugar availability. Our data are consistent with recent sug-
gestions that sugar signaling may be linked to glycolytic
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flux (Koch 1996; Jang et al., 1997), which is strongly O,
responsive (Bouny and Saglio, 1996).

The second portion of the present study, delineation of
Shi1- and Susl-dependent gene contributions at the enzyme
level, provides a possible resolution of long-standing ques-
tions regarding the role of SH1 protein under low-O,
stress. Data presented here indicate that RNA and protein-
level changes follow in slow succession for SH1 under
anoxia, and are largely responsible for maintaining total
Suc synthase activity during severe, long-term stress. In
contrast, under hypoxia, SUS1-dependent activity has a
more rapid but temporally limited involvement that de-
pends on genotype. However, both of these instances of
up-regulation involve rapid, protein-level responses likely
to include posttranscriptional mechanisms.

This study thus tests hypotheses for differential regula-
tion of the Suc synthase genes by separating the effects of
hypoxia and anoxia and by comparing mutant and wild-
type responses. In addition, temporal changes in expres-
sion are examined concurrently at the mRNA, protein, and
enzyme activity levels.

1

48

Sus1 and Sh1 Are Up-Regulated Preferentially by
Hypoxia and Anoxia, Respectively

Until relatively recently, hypoxia (3% O,) and anoxia (0%
O,) were not widely viewed as distinctly different types of
low-O, stress. In fact, anaerobic genes have sometimes
been used to describe a collective, broadly inclusive group
of genes induced under varying degrees of O, deprivation.
Results shown here, however, demonstrate a preferential
up-regulation of Susl under hypoxia and of Shl under
anoxia.

Resolution of Susl and Shl as genes preferentially re-
sponsive to hypoxia and anoxia, respectively, provides a
framework for integration of often differing results from
earlier studies at both the protein (discussed later) and
mRNA levels. Previous evidence indicated that both genes
generally responded to low O, (McCarty et al.,, 1986;
Springer et al., 1986; McElfresh and Chourey, 1988; Row-
land et al., 1989); however, effects of hypoxia and anoxia
were not separated in this earlier work. During these stud-
ies, low O, was generally imposed by submerging seed-
lings in buffer for 24 h, and although maize Sh1 mRNA
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levels typically rose, anaerobic effects could not be readily
attributed to specific hypoxic or anoxic influences. Re-
cently, Sh1 gene expression was demonstrated under de-
fined anoxia in both long-term experiments (Guglielminetti
et al., 1997) and short-term studies of run-on transcription
and mRNA accumulation (S.L. Fennoy, T. Nong, and J.
Bailey-Serres, personal communication), although hypoxia
was not tested in either study. In the present work, data
further confirm anoxic induction of Shl over time, and in
addition, contrast this to a markedly reduced Sh1 response
under hypoxia.

Results have differed among studies of Sus1 responses to
low O, at the mRNA level, with a 2-fold increase after 24 h
reported by McCarty et al. (1986), in contrast to little
change observed by Springer et al. (1986), and decreases
reported by McElfresh and Chourey (1988) and Rowland et
al. (1989). Again, hypoxia and anoxia were not distin-
guished in these earlier works. Our data indicate that the
extent of O, deprivation and/or its duration may be an
important contributor to factors affecting apparent discrep-
ancies between results from different studies. SusT mRNA
levels rose 4- to 5-fold within 6 h of hypoxic treatments,
often declining slightly thereafter. Increases over 24 h of
anoxia were about one-half of the level observed after 6 h
of hypoxia. Recent analysis of run-on transcription of Susl
under anoxia showed marked enhancement after 6 and
12 h, despite a lack of concurrent mRNA accumulation (S.L.
Fennoy, T. Nong, and J. Bailey-Serres, personal communi-
cation). This adjustment was considered a possible advan-
tage for recovery if stress were transient. Sus1 mRNA levels
responded rapidly to hypoxia in the present study, rising
to peak abundance within 6 h. Duration of this elevation
varied with genotype, but any possible relationship to
hypoxic adjustment by inbred versus hybrid materials re-
mains unclear.

Time-Course Profiles Suggest Different Roles for Sus? and
Sh1 mRNAs

Contrasts in the time course of the rapid hypoxic (Sus1)
and more prolonged anaerobic (Sh1) response profiles ob-
served here over 48-h periods (Figs. 1 and 2) indicate that
different mechanisms may be involved in regulating
mRNA levels by affecting synthesis and/or longevity. In
addition, the temporal variations observed emphasize the
extent to which results can differ if compared at a single
point in time. Even measurements at 6 h can differ mark-
edly from those at 12 h for mRNA levels and run-on
transcriptional analyses of several genes responding to
anoxia (Fennoy and Bailey-Serres, 1995; S.L. Fennoy, T.
Nong, and J. Bailey-Serres, personal communication). Fur-
thermore, rapid readjustments in adenylate turnover that
occur during initial low-O, adjustments (Hochachka et al.,
1996) could easily be linked to changes in C flux through
glycolysis, a process recently implicated in altering expres-
sion of sugar-responsive genes such as SusI and Sh1 (Koch,
1996; Jang et al., 1997). Eventual depletion of sugars via the
Pasteur effect would thus be separated in time from initial
signals of sugar abundance associated with high flux. This
provides one means of testing the degree to which sugar-
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sensing systems and Suc synthase gene responses can dis-
tinguish between supply and flux. Effects of the former
could also be enhanced under anoxia relative to hypoxia by
limited phloem transport (Saglio, 1985).

Temporal differences in the responses of Susl and Shl
mRNA levels could perhaps mediate sequential up-
regulation of these genes during low-O, events. Hypoxia
typically precedes anoxia during natural progressions of
severe O, depletion, and hypoxia alone may predominate
during less extreme deprivation. Results are also consistent
with the contrasts in metabolic states and acclimation
mechanisms associated with hypoxia versus anoxia (Drew,
1997).

O, and Sugar Availability Exert Similar Patterns of
Differential Expression

Differential expression of the Susl and Sh1 Suc synthase
genes may also contribute to the functional roles of
isozymes that apparently have otherwise similar character-
istics (Su and Preiss, 1978; Echt and Chourey, 1985) and
phosphorylation sites (Huber et al., 1996). Expression of
these genes differs markedly between tissues (Heinlein and
Starlinger, 1989; Rowland et al., 1989; Nolte and Koch,
1993; Nolte et al., 1995) and also in response to sugar
availability (Koch et al., 1992; Koch, 1996). Extension of
these distinctions to hypoxic and anoxic conditions poten-
tially enhances our collective understanding of both
mechanisms.

Of primary importance are the similar patterns of differ-
ential expression by both sugars and O,. Susl and Shl
respond to “feast and famine” conditions of carbohydrate
availability, respectively. The additional association be-
tween each of these and their rapid hypoxic (Susl) or
prolonged anaerobic (Sh1) responses is unlikely to be co-
incidental, particularly in light of the tight regulation of
glycolysis by adenylates (Farrar and Williams, 1991). In
addition, the most prominent mechanism for sugar signal
initiation in a range of organisms is currently considered to
be flux through the first step in glycolysis, hexokinase (for
review, see Koch, 1996), which in turn is markedly respon-
sive to O, levels (Bouny and Saglio, 1996). Initial adjust-
ments of glycolytic C flow under low O, thus have the
potential to exert signals similar to those generated by
sugar abundance and, therefore, up-regulation of the
sugar-enhanced Susl in advance of Shl (feast before fam-
ine). This is also consistent with the induction of other
glycolytic (sucrolytic) genes under low-O, stress. If respon-
sive to the same sugar-signaling system, the Shl gene
would be up-regulated as glycolytic flux began to drop and
sugar depletion became severe. This convergent line of
thought is consistent with the existence of distinct phases
of acclimation to both sugar and O, deficits.

Both Suc Synthases Respond to Low O, at the
Protein/Enzyme Activity Level

In each of our experiments Suc synthase activity showed
a consistent and statistically significant increase in re-
sponse to hypoxic conditions from as early as 3 h after the
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start of treatment (Fig. 3, A and B). Little or no significant
change in total activity was observed in response to more
severe anoxic treatments. However, changes were also ob-
served in both SH1 and SUS1 protein abundance by
western-blot analysis, particularly after longer time peri-
ods (Figs. 3C and 4B). Results suggest Suc synthase gene
expression responds to anoxia and hypoxia not only at the
mRNA level, but also at the protein level. Previous reports
based on analysis of activity and protein at 20 to 24 h
suggest that maize Suc synthase may not be fully inducible
under anaerobic conditions (McElfresh and Chourey, 1988;
Taliercio and Chourey, 1989). The present work concurs
with the earlier result for total activity at 24 h, but com-
parison of wild-type and sh1-null mutant responses (Figs.
3, 4, and 6B) indicated that there were significant increases
in the SH1 portion of this activity. Although increases in
Shl mRNA levels were markedly greater under anoxia
than hypoxia (Figs. 2 and 6A), further analysis revealed
SH1 involvement at the enzyme level under both condi-
tions (Fig. 6B). Data presented here also concur to some
degree with earlier evidence for SUS1 as an anaerobic
protein (Bailey-Serres et al., 1988), since activities consis-
tently increased between 6 and 12 h under both hypoxia
and anoxia (Fig. 6B). However, SUS1 mRNA responses and
enzyme contributions to total activity were far greater un-
der hypoxia than anoxia, and decreases in activity under
anoxia surpassed transient increases (Fig. 6B).

Previous studies by others are also consistent with this
analysis. Both SUS1 and SH1 proteins are strongly labeled
with **S-Met in maize root tips under low O, (Bailey-Serres
et al., 1988). One of the anaerobic proteins in maize roots
(ANP 87) was also identified as SH1 by Springer et al.
(1986), and was later found to include SUSI at a similar M,
(Bailey-Serres et al., 1988). In situ examinations by Row-
land et al. (1989) also indicated a significant but less strong
increase in Suc synthase protein under low O, within 1 cm
of the maize root apex. Recently, studies (S.L. Fennoy, T.
Nong, and J. Bailey-Serres, personal communication) have
shown increased incorporation of Sh1 mRNA, and to a
lesser extent Susl mRNA, into polyribosomes under an-
oxia, indicating a capacity for effective translation. Further-
more, the polysome profiles for Shl, Adh, and Adh2 under
anoxia in that study were indicative of efficient transla-
tional initiation and elongation. Guglielminetti et al. (1997)
demonstrated a clear rise in Suc synthase enzyme activity
in maize after 3 d of low-O, treatment. Ricard et al. (1991)
reported that in rice, anaerobic stress induced both tran-
scription and translation of Suc synthase, with increases in
activity detectable after as little as 6 h of anoxic treatment.
Varying degrees of similar low-O, responses have also
been shown for Suc synthase in Arabidopsis (Martin et al.,
1993).

Posttranscriptional regulation is indicated by differences
in the speed and magnitude of low-O, responses at the
mRNA and enzyme activity levels. The first enzyme activ-
ity responses were rapid compared with overall rises in
mRNA and protein levels, and in some instances also dif-
fered in direction (Figs. 3 and 6, A and B). Posttranscrip-
tional control of Shl expression has also been suggested
(Chourey and Taliercio, 1994). In addition, protein-level

regulation of Suc synthases is receiving increased attention
(Huber et al., 1996; Zhang and Chollet, 1997). Although the
influence of low O, remains unclear, phosphorylation of
SUS1 has been documented (Huber et al., 1996), shown to
occur under anoxia (Shaw et al.,, 1994), and may have
effects that extend beyond observed changes in substrate
affinities (Huber et al., 1996). SH1 has similar phosphory-
lation sites and potential for protein-level regulation via
this mechanism. Finally, translational regulation may also
underlie the protein-level responses observed here, as indi-
cated by rapid shifts in translation and profiles of ribosome
loading for SUS1, SH1, and several anaerobic proteins under
low O, (Fennoy and Bailey-Serres, 1995; S.L. Fennoy, T.
Nong, and J. Bailey-Serres, personal communication).

Comparative Analyses of the sh7-Null Mutant
Distinguishes Individual Contributions of
SUS1 and SH1 under 0 and 3% O,

In addition to the comparisons discussed above, analysis
of temporal response profiles shown in Figure 6 highlights
the extent to which short-and long-term responses to low
O, can differ. The most rapid adjustments (< 3 h) are
evident at the activity level and differ markedly for SUS1
and SH1. Within 12 h both return to the levels observed in
aerobic controls, and more sustained responses related to
mRNA accumulation gain prominence. Together, these
data suggest that this combination of changes results in
sequential, alternating contributions to low-O, activity,
first by very rapid increases in SH1 activity (probably
posttranscriptional), followed by relatively rapid up-
regulation of Susl expression, and finally superseded by
sustained up-regulation of Sh1 at the mRNA and enzyme
activity level.

Closing Comments

This research resolves and extends previous studies of
maize Suc synthase responses to low O, in several key
respects: (a) distinct responses to hypoxia and anoxia are
shown at the gene expression level, with Susl and Shl
preferentially showing rapid hypoxic and prolonged an-
aerobic responses, respectively; (b) responses involved not
only mRNA accumulation, but also enzyme activity and
protein abundance; (c) the time-course analyses shown
here indicate that for Suc synthases, these changes occur in
three phases, the first of which appears to involve rapid,
protein-level responses (< 3 h) and to be much like a
similar phase proposed to aid rapid readjustment of ade-
nylate levels in animal systems (Hochachka et al., 1996),
and the second two are mediated, respectively, by a rela-
tively rapid up-regulation of Susl mRNA accumulation,
followed by a slower, more sustained increase in mRNA
accumulation and translation of Shl; (d) complementary
patterns of regulation are indicated at transcriptional and
posttranscriptional levels; and (e) the distinctly different
responses of Susl and Shl genes to hypoxia and anoxia
implied markedly different sensitivities to O, and/or sugar
signals. Such differences could provide an effective mech-
anism for optimizing sequential contributions by different
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Suc synthases (and possibly other genes) to progressively
greater stress during natural episodes of O, depletion.
Finally, in a broader context, this work further defines
the interface between sugar- and O,-signaling systems. Our
results are consistent with the prevailing hypothesis that
one key to up-regulation of some sugar-responsive genes is
C flow through the first enzyme of glycolysis (hexokinase).
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