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As energy sources and structural components, sugars are the central regulators of plant growth and development. In
addition to the abundant natural sugars in plants, more than 50 different kinds of rare sugars exist in nature, several
of which show distinct roles in plant growth and development. Recently, one of the rare sugars, D-allose, an epimer
of D-glucose at C3, is found to suppress plant hormone gibberellin (GA) signaling in rice. Scaffold protein RACK1A in
the model plant Arabidopsis is implicated in the GA pathway as rackla knockout mutants show insensitivity to GA in
GA-induced seed germination. Using genetic knockout lines and a reporter gene, the functional role of RACK1A in the
D-allose pathway was investigated. It was found that the rackla knockout seeds showed hypersensitivity to D-allose-
induced inhibition of seed germination, implicating a role for RACK1A in the D-allose mediated suppression of seed
germination. On the other hand, a functional RACK1A in the background of the double knockout mutations in the other
two RACKT isoforms, rack1b/rackic, showed significant resistance to the D-allose induced inhibition of seed germination.
The collective results implicate the RACK1A in the D-allose mediated seed germination inhibition pathway. Elucidation
of the rare sugar signaling mechanism will help to advance understanding of this less studied but important cellular

signaling pathway.

Rare sugars—monosaccharides that rarely exist in nature—are
known to regulate diverse physiological responses in both plants
and animals. With the advent of the discovery of “Izumoring,”
an in vitro enzymatic approach to the synthesis of all rare sug-
ars,* research in this area has implicated rare sugars in many
physiological conditions. These include but are not limited to the
immunosuppressive activity in liver transplantation,® protection
against liver ischemia reperfusion injury,*> protection from reac-
tive oxygen species (ROS)®” and anticancer activity on different
cancer cell lines.®!! Although not abundant, rare sugars—D-
allose, D-psicose, D-allitol, L-galactose, tagatose or their deriva-
tives—have been found in the tissues of higher plants as well.'**#
It was found that D-psicose inhibits plant root growth via hexo-
kinase-independent pathway; it also inhibits bacterial blight dis-
ease in rice."”** D-allose was found to inhibit the rice growth and
prevent bacterial blight disease in rice as well.?!

Recently, Akimitsu’s group, a pioneer in rare sugar research,
through the use of powerful genetics study has shown that the
rare sugar D-allose suppresses GA signaling pathway in rice.?
D-allose strongly inhibited GA mediated a-amylase induc-
tion in embryo-less rice half seeds,?? implicating a negative role
of D-allose in the GA pathway. Earlier, we have shown that
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Arabidopsis scaffold protein RACKIA (Receptor for Activating
C Kinase 1) positively regulates GA signaling pathway as rackla
knockout seeds showed insensitivity to GA-induced seed germi-
nation.”” Here we tested our hypothesis that the suppression of
GA signaling pathway by D-allose would impact the RACKIA
mediated positive regulation of GA signaling pathway.

Scaffold protein RACKI in metazoan plays a major role in
coordinating different signal transduction pathways ranging
from cell division to ion channel regulation by interacting with
diverse proteins.?*** RACK1 proteins with seven WD-40 repeats
are highly conserved (70-80% at the protein level) in wide range
of species, including plants, humans, rats, chickens, flies, nema-
todes, algae and yeasts. Although not recognized as such, the first
RACKI homolog in plants was identified in tobacco BY-2 suspen-
sion cells as a plant hormone auxin inducible gene?” and later in
Arabidopsis, rice, rape and alfalfa.’*33 As opposed to a single gene
in metazoan, the model plant Arabidopsis genome maintains
three different RACKI genes—termed as RACKIA, RACKIB
and RACKIC.3* These Arabidopsis genes are found to regulate
plant development with unequal genetic redundancy.* The anal-
ysis of double and triple Arabidopsis 7ackl mutants revealed that
the difference in gene expression level and the cross-regulation
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Figure 1. Seed germination inhibition by D-allose is enhanced in rackla
knockout line. Age matched seeds from indicated genotypes were grown
under continuous light (75 pmol/m?/sec) at 22°C in MS minus sugar liquid
media containing either 10 mM D-allose or 10 mM D-allose and 10 .M of
Gibberellins (GA,) or 10 mM of D-glucose for two weeks. Compared with
the no treatment control, D-allose inhibited WT seed germination and
inhibition is enhanced in the rackla knockout line. rack1b/rackic double
mutant line partially overcomes the D-allose mediated inhibition of

seed germination. D-glucose control treatment does not affect the seed
germination in any of the genotypes (lower panel).

may determine the role played by the individual RACKTI gene in
regulating plant development.* In addition to regulating plant
development, Arabidopsis RACKI mediates multiple hormonal
and stress responses.?>3>3¢

In order to elucidate the role of D-allose in Arabidopsis seed
germination pathways, age-matched seeds of designated gen-
otypes were grown in the presence of D-allose, and GA, plus
D-allose (Fig. 1). The germination of the WT seeds, as expected,
has shown considerable inhibition by the D-allose application
(Fig. 1D). Application of GA, along with D-allose has slightly
alleviated the D-allose induced inhibition of seed germination
as the seeds showed enhanced germination growth compared
with the seeds treated with D-allose alone (Fig. 1G). However,
the degree of germination inhibition in the rackla knockout
seeds by D-allose was significantly higher compared with that
in the WT seeds (Fig. 1E). The rackla knockout seed coats
remained almost intact even with the GA, application (Fig. 1H)
implicating RACKIA in the D-allose mediated suppression of
GA-induced seed germination pathway. As discussed above,
Arabidopsis RACKI genes act with unequal genetic redundancy
due to the cross-regulation among the RACKI genes and the
differences in individual gene expression level.* It is quite pos-
sible that the presence of RACKIB and RACKIC in the rackla
mutant background can potentially exert their own regulation on
the pathway. While the RACK1B expression in the racklalracklc
and RACKIC expression in the racklalracklb background were

1408 Plant Signaling & Behavior

significantly downregulated compared with that in the WT seed-
lings, RACKIA expression was not significantly downregulated
in the racklb/racklc mutant background.* If RACKIB/RACKIC
collectively exert negative regulation on RACKIA expression,
it will be quite informative to see the response of racklb/racklc
double mutant to D-allose induced seed germination inhibi-
tion. Quite interestingly, it was found that neither D-allose nor
D-allose plus GA, could significantly affect the seed germina-
tion rate and the early seedling development in the racklb/racklc
double mutant background (Fig. 1F and I). On the other hand,
all the seeds without any D-allose application did germinate
and showed normal growth and development (Fig. 1A-C). As
D-allose is an epimer of D-glucose, we used D-glucose as a con-
trol to make sure that the effect is very specific to D-allose. As can
be seen from Figure 1J-L, all three genotypes of the tested seeds
(WT, rackla-1 knockout and racklb/racklc double knockout)
did not show germination inhibition from D-glucose treatment,
effectively eliminating the possibility that the D-allose acts as a
simple carbon source. The results from the WT seedlings, where
a functional RACKI1A is present, can be explained by the pres-
ence of the two more isoforms of RACK1A—which can poten-
tially cross-regulate the RACK1A function.** It is reported that
the knockout phenotype of rackla is enhanced in either racklb or
racklc knockout combination, implying the role of RACKIB or
RACKIC in the RACKIA function.

To understand the cellular mechanism of this signaling net-
work, it is proposed that D-allose will not only negatively regulate
GA, induced seed germination and growth, it may potentially
downregulate RACKI1A expression to attenuate the positive reg-
ulation of GA, signaling by RACK1A. We utilized a transgenic
line expressing GFP fused to the RACKIA gene which is driven
by the RACKIA native promoter. As can be seen in Figure 2, the
application of D-allose to the transgenic seeds (Fig. 2C and D),
compared with the no-treatment control (Fig. 2A and B) did
significantly downregulated RACKIA expression in the root
tip region of the embryo isolated from seeds treated for 72 h.
Application of GA_ significantly enhanced the RACKI1A expres-
sion in the same tissue regions (Fig. 2E and F). D-Glucose
was used as a control, which, contrary to the D-allose, slightly
increased RACKIA expression (data not shown), indicating
that the D-allose specifically downregulates RACKIA expres-
sion in the embryonic root tip region. Although the gene expres-
sion was restricted to the root tip growth area, it remains to
be seen whether the similar regulation takes place in the shoot
apical meristems of young seedlings. Even though it is known
that D-allose exert its inhibitory role on GA signaling through
hexokinase-dependent pathway, it will be an intriguing study to
investigate the precise role hexokinase plays in the currently elu-
cidated pathway. Figure 3 presents a possible working model of
the pathway. The simple explanation for the presented data are
that D-allose negatively regulates GA-mediated seed germina-
tion and early seedling development through the inhibition of
RACKI1A expression. Though RACKIA is reported to positively
regulate GA signaling pathway,” in the absence of epistasis stud-
ies between rackla and known GA signaling mutants, it is not
quite possible to indicate a downstream or upstream regulatory
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Figure 2. D-Allose inhibits RACK1A:GFP expression in the embryos while GA induces expression. Seeds from the pRACK1A::RACK1A:GFP expressing
plants were incubated for 72h under the respective treatment regimens. The RACK1A expression is concentrated in the root tip region (A); RACK1A
expression is downregulated with 10 mM of D-allose (C) and the expression is upregulated with 10 LM GA, application (D). The GFP fluorescence
was captured with a NIKON ECLIPSE TE2000-E fluorescence microscope with a Nikon C1 Confocal imaging system. To alleviate the concerns of image
intensity on different samples, the image acquisition settings were set as same for all three panels. The gain setting was set at 6.65B; pixel dwell time
was at 61.44 S and the 408 and 488 laser lines power were set at 29.2% and 38.4% respectively. A representative root tip from another run is used to
quantify the expression level by calculating the intensity of the pixels along a line drawn horizontally across a single root tip (delimited zone is shown
by the green and purple vertical lines). The pixel intensity is shown (lower panel) with an arbitrary intensity unit along the vertical axis with D-allose

(D); with GA, (F) and no treatment (B).

position of RACKIA in the GA signaling pathway. However,
the presumptive position of the RACKIA in the current model
is partially consistent with the presented data but with future
genetic studies the more concrete regulatory position in this
pathway will be ascertained.

Conclusion

D-allose has shown its promise in diverse physiological and
biological applications in animal and plant studies. The cur-
rent study fills up a gap in the understanding of the prominent
role of D-allose in the seed germination signaling pathway in
Arabidopsis. Considering the huge economic values in under-
standing the seed germination signaling pathway, the current
study results will help in advancing the molecular elucida-
tion of this pathway. In addition, the role of growth hormone
GA induced seed germination process is an intensely studied

www.landesbioscience.com

physiological processes and the precise understanding of the
signaling pathways will potentially contribute to the better
elucidation of the pathway. Understanding the D-allose medi-
ated cellular signaling mechanism during the seed germination
process, can potentially contribute to wider applied use of this
rather under-estimated important physiological regulator.
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Figure 3. Working model of role of RACK1A in D-allose regulated GA induced seed germination
and early seedling development signal transduction pathway. D-allose may negatively regu-

late GA-mediated seed germination and early seedling development through the inhibition

of RACK1A expression. Molecular genetics studies indicate that RACK1A regulates gibberellin
induced seed germination and early seedling development and that this process is inhibited by
rare sugar D-allose. In the absence of epistasis data, the precise position of RACK1A in the GA, sig-
naling pathway cannot be ascertained. Based on the current data, a presumed position of RACKTA
is indicated that is promoting GA, induced seed germination and seedling development. For the
lack of concrete data, role of other isoforms of RACK1 genes are omitted from the model.
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