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Immunolocalization of rice ns-Hbs by confocal 
microscopy

Ns-Hbs in specifi c rice tissues

To determine the specifi c cellular distribution of ns-
Hbs in rice seedling tissues, immunolocalization of ns-
Hbs was performed on cryofi xed fresh tissue sections. 
However, the starchy nature of the rice seed made it dif-
fi cult to obtain unfragmented sections from germinating 
seeds prior to 3 days post imbibition. Although we an-
alyzed many sections obtained from varying tissues at 
different times during the germination process, we have 
selected micrographs that are representative of ns-Hb lo-

calization in the different rice tissues. Paired confocal 
images of specifi c regions of tissues were collected from 
adjacent sections as shown in Fig. 2. Ns-Hbs were found 
in specifi c cell types throughout the rice seedling dur-
ing the fi rst two weeks of germination. For example, a 
section of a 4-day-old seedling through its radicle shows 
ns-Hb protein is present primarily in the root cap cells 
(Fig. 2A–C). As seen in these images of the root cap, the 
ns-Hbs are apparently in the cytoplasm, as determined 
by the position of the nucleus, observed by an ellipti-
cal shadow within each cell. The lack of a signal peptide 
on rice Hb1 and Hb2 (Arredondo-Peter et al. 1997) also 
supports this conclusion. The aleurone and scutellum, 

Fig. 2, A-F: In situ immunolocalization 
of ns-Hbs in rice tissues by confocal la-
ser scanning microscopy. Rice tissues 
were sectioned on a cryostat, perme-
ablized with methanol, and incubated 
with primary and secondary antibodies. 
Concentrations of the primary antibody 
were 0.8 ng/ml for anti-rHb1 (positive) 
and preimmune (negative) and for the 
secondary, 300 ng/ml goat anti-rabbit 
immunoglobulin G conjugate Cy-2. A-
C: 4-day-old rice root cap. A: Phase im-
age; B: positive test; C: negative control. 
D-F: 6-day-old aleurone and scutellum 
of rice. D: Phase image; E: positive test; 
F: negative control. Ns-Hbs are localized 
as indicated by the arrows. RC Root cap 
cells, AL aleurone, SC scutellum
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which play a key role in signaling and hydrolytic en-
zyme secretion during the onset of germination, showed 
the presence of ns-Hbs, as seen in Fig. 2D-F. The aleu-
rone cells are characterized by their columnar appear-
ance and the scutellum is the adjoining tissue. Distribu-
tion of ns-Hbs in this region is shown in a representative 
micrograph of an oblique section from a 6-day-old ger-
minating seedling. In addition, ns-Hbs were found in 
a number of tissues of the leaf, including the scleren-
chyma (Fig. 3 G-I).

Ns-Hbs in the vasculature of rice seedlings

Immunolocalization of ns-Hbs by confocal laser 
scanning microscopy led to the detection of ns-Hb ex-

pression throughout the vasculature of rice seedlings 
(Fig. 3). Ns-Hbs were detectable in vascular tissues as 
early as 4 days after imbibition and were found in all 
developing vascular tissues examined by this technique. 
Specifi cally, ns-Hbs were localized in differentiating xy-
lem cells, as shown in sections of the root and mesocotyl 
from 10-day-old seedlings (Fig. 3A-C, D-F). The ns-Hb 
proteins appear to be localized primarily in the xylem. 
Additionally, ns-Hbs were detected in the vasculature of 
the leaf and in particular the vasculature next to the scle-
renchyma (Fig. 3G-I).

The recurrent immunolocalization of ns-Hbs in the 
vasculature of root, mesocotyl, and leaf tissues raises 
questions about the function of these proteins. The fact 

Fig. 3, A-I. In situ immunolocalization of ns-Hbs in vascular bundles of rice tissues. Rice tissues were treated as described in the legend to Fig. 
2. A-C: 10-day-old root vasculature. A: Phase image of an oblique section; B: positive test; C: negative control. Ns-Hbs are immunolocalized 
to the xylem as indicated by the arrows. D-F: 10-day-old mesocotyl vasculature. D: Phase image; E: positive test; F: negative control. G-I: 
10-day-old leaf vasculature. G: Phase image; H: positive test; I: negative control. Ns-Hbs are immunolocalized to the xylem as indicated and 
in the sclerenchyma sheath as indicated by the arrows. XY Xylem, SS sclerenchyma sheath
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that ns-Hbs were found specifi cally in the xylem indi-
cates that these proteins may have a particular role in the 
metabolism accompanying the differentiation of the xy-
lem.

Ns-Hbs in differentiating tracheary elements

Differentiating xylem cells can be distinguished 
morphologically from nondifferentiating cells by the 
radial thickening of the cell walls (Fig. 4). To deter-
mine in which xylem cells the ns-Hb proteins accumu-
lated, the immunolocalization micrographs were over-
laid on the phase micrograph of the same image (Fig. 
4). As seen in the representative micrographs of 12- 
(Fig. 4 A) and 6-day-old mesocotyl (Fig. 4B), ns-Hbs

were predominantly localized in cells that contain radial 
thickening of the cell walls. Ns-Hbs were also observed 
in parenchyma cells adjacent to the cells containing ra-
dial cell wall thickenings. We are uncertain if these pa-
renchyma cells were in an early stage of differentiation 
into tracheary elements. However, proteins were not de-
tected in fully mature xylem cells, indicating that ns-Hbs 
are present at distinct stages of the xylem differentiation 
process. While the exact stage of xylogenesis of the cells 
shown in Fig. 4 is unknown, the localization of ns-Hbs 
is a fi rst indicator that these proteins are involved in the 
xylogenesis process.

Synthesis of ns-Hbs does not require the embryo upon 
imbibition

On the basis of the fi nding that ns-Hbs were synthe-
sized in the aleurone cells of barley (Taylor et al. 1994, 
Duff et al. 1998) and rice (this work), we were interested 
in understanding if the embryo was required for expres-
sion of ns-Hbs in these cells. Dry rice seeds were sep-
arated into embryo-containing and embryoless halves, 
imbibed in the presence or absence of cycloheximide, 
and probed for ns-Hb levels by immunoblotting. By 3 
days of imbibition, both halves showed the presence of 
ns-Hbs, but with more protein in the embryoless half 
(Fig. 5, lanes 3 and 4). This indicated that the embryo 
was not required for ns-Hb synthesis. When the embryo-
less and embryo-containing halves were incubated in the 
presence of 5 μM cycloheximide, a eukaryotic cytoplas-
mic protein synthesis inhibitor, immunoblots showed 
less protein in both seed halves after 3 days of incuba-
tion (Fig. 5, lanes 5 and 6). However, considerably more 
ns-Hbs were now found in the embryo-containing half 
as compared to the embryoless half.

Fig. 4, A, B. In situ immunolocalization of ns-Hbs in differentiating 
xylem cells. Immunolocalization techniques were described in the 
legend to Fig. 2. Phase micrograph and positive micrograph were 
overlaid by Adobe Photoshop 5.5. A: Positive and phase overlay of 
12-day-old mesocotyl tissue. B: Positive and phase overlay of 6-day-
old mesocotyl tissue. Ns-Hbs are immunolocalized in differentiating 
xylem ceils, as distinguished by the radial cell wall thickenings (see 
arrows)

Fig. 5. Protein immunoblot analysis of rice seeds grown in the ab-
sence and presence of cycloheximide. Rice seeds were sliced into em-
bryo-containing and embryoless halves and germinated in the absence 
or presence of 5 μM cycloheximide. 30 μg of total soluble protein was 
separated by 13% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, and analysis of ns-Hbs was as described in the legend to Fig. 
1. 1: Dry, embryoless; 2: dry, embryo-containing; 3: 3 days imbibed 
without cycloheximide, embryoless; 4: 3 days imbibed without cyclo-
heximide, embryo-containing; 5: 3 days treated with cycloheximide, 
embryoless; 6 3 days treated with cycloheximide, embryo-containing. 
The r-Hb standard was 50 ng of rHb2.
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Discussion 

Using immunolocalization, ns-Hbs were identifi ed in 
primarily differentiated and differentiating cell types, in-
cluding the aleurone, scutellum, root cap cells, scleren-
chyma, and tracheary elements. Dry, ungerminated rice 
seeds contained very low amounts of ns-Hbs and levels 
increased during germination as observed by immuno-
chemical analyses of soluble proteins from various tis-
sues (Fig. 1B-F). The increase in ns-Hb protein during 
seed germination appears to be due in part to de novo 
synthesis, as it is inhibited by the addition of cyclohex-
imide upon seed imbibition (Fig. 5). However, signals 
originating from the embryo do not apparently control 
the production of ns-Hbs. These data corroborate and 
signifi cantly extend earlier studies performed with bar-
ley (Taylor et al. 1994, Nie and Hill 1997, Duff et al. 
1998). During seed germination and early seedling de-
velopment, ns-Hb proteins were present in roots, seeds, 
mesocotyl, and leaves. However, there appeared to be a 
down-regulation of ns-Hb synthesis or up-regulation of 
protein turnover in maturing leaves. 

Utilizing confocal laser scanning microscopy, ns-
Hbs were immunolocalized in specifi c cell types; 
namely the aleurone, scutellum, sclerenchyma, root 
cap, and developing xylem (Fig. 2-4). Seed germina-
tion and early seedling development are processes ac-
companied by the programmed depletion of stored seed 
reserves. Typically, during germination of cereal grains 
such as rice, the aleurone and cells of the scutellum 
play a central role in mobilizing reserves (Radi and 
Maeda 1987). These two tissues are the principal sites 
for the conversion of starch into sucrose, which is then 
transported into the embryonic axis for subsequent me-
tabolism (Nomura et al. 1969, Briggs 1972). With the 
onset of germination, new cell types are formed which 
take on specifi c roles for the growth and maintenance 
of the plant. These include gravi-sensing root cap cells, 
which differentiate from peripheral root cap cells into 
border cells and eventually slough off (Woo and Hawes 
1997), and the cells of the vasculature and tissue such 
as sclerenchyma. 

Analyses of different plant species transformed 
with a variety of hb-promoter-gus fusions have indi-
cated that these promoters will drive gus expression in 
different tissues. Root-nodule-specifi c promoters ap-
pear to maintain this specifi city in transformed plants 
(Andersson et al. 1997, Franche et al. 1998, Strózycki 
et al. 2000). In nonnodulating transgenic plants or 
plants transformed with ns-hb-promoter-gus fusions, 
GUS activity was principally detected in the vascu-

lar bundles, roots and root cap cells (Bogusz et al. 
1990, Jacobsen-Lyon et al. 1995, Franche et al. 1998, 
Strózycki et al. 2000). Our observations of ns-Hb pro-
teins in root cap cells and the vasculature are consis-
tent with these earlier studies, and have for the fi rst 
time demonstrated that native Hb proteins are indeed 
present in these tissues. 

Localization of ns-Hbs in differentiating xylem is 
particularly interesting. Our studies strongly suggest 
that ns-Hbs are synthesized during an early stage of tra-
cheary-element differentiation. However, ns-Hb signals 
were also detected in cells at a more advanced stage of 
xylogenesis, possibly due to sequestration of proteins 
within a cellular compartment (for example, cell walls) 
which delays their eventual degradation by proteases 
released during the differentiation process. Xylogene-
sis is a complex cytodifferentiation process in which a 
distinct metabolism has been documented for specifi c 
stages (Fukuda 1996, A. Jones 2000). It is unknown at 
what stage(s) of xylogenesis ns-hb genes are expressed. 
The availability of elegant in vitro and in vivo systems 
to study xylogenesis (Fukuda and Komamine 1980, Fu-
kuda 1996, Jones 2000, Roberts and McCann 2000) will 
be an asset to the future determination of the role of ns-
Hbs during this process. 

Previously, ns-Hbs have been detected in diverse tis-
sues under stressed and unstressed conditions (Andersson 
et al. 1996, Arredondo-Peter et al. 1997, Trevaskis et al. 
1997, Hill 1998). For example, in 6-week-old plants, the 
ns-hb1 and ns-hb2 genes are differentially expressed (Ar-
redondo-Peter et al. 1997), indicating tissue-specifi c reg-
ulation. It is conceivable that ns-Hbs have multiple roles 
in the plant, which are determined by the specifi c gene 
product, the levels of functional protein, and the specifi c 
sites of protein accumulation. Seregélyes et al. (2000) 
have shown that cultured alfalfa cells synthesize an ns-
Hb under hypoxia that is apparently nuclearly localized. 
This is interesting, since all plant ns-Hbs reported to date 
lack a nuclear-localization signal and appear to be cyto-
plasmic. However, ultrastructural procedures may un-
mask sites of protein localization not evident at lower 
levels of resolution. 

Ns-Hbs may be involved as oxygen scavengers or in 
oxygen signaling (Appleby 1992, Goodman and Har-
grove 2001). However, compared to symbiotic Hbs, 
which are found in concentrations that range from 1 to 
3 mM (Appleby 1984), ns-Hbs are found in much lower 
concentrations (Duff et al. 1998, Hill 1998; this work). 
In addition, given the in vivo localization of ns-Hbs in 
metabolically active tissues and the very high affi nity 
for oxygen binding of several r-ns-Hbs, it is unlikely 
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that they function as oxygen scavengers (Arredondo-Pe-
ter et al. 1998, Hill 1998). Both Arredondo-Peter et al. 
(1998) and Hill (1998) have suggested that plant ns-Hbs 
could act as NO scavengers, in a similar manner to those 
of the bacterial fl avohemoglobins, which have been doc-
umented to possess nitric oxide dioxygenase properties 
(R Gardner et al. 1998, A. Gardner 2000). However, ns-
Hbs lack a fl avin domain, which would be required for 
functioning as an NO dioxygenase. It has also been sug-
gested that there is a general function for ns-Hbs as an 
oxygenase by oxidizing NADH in conjunction with a 
fl avoprotein in order to maintain the energy demands of 
the cell (Arredondo-Peter et al. 1998, Hill 1998). Con-
ceivably, such interactions could occur at the dimer in-
terface of differently ligated ns-Hbs (Goodman and Har-
grove 2001). 

On the basis of the nature of ns-Hb expression in spe-
cifi c rice cell types we propose that these proteins likely 
play a key role in a particular metabolic function(s). We 
have observed ns-Hbs so far only in terminally differ-
entiated or terminally differentiating tissues such as the 
aleurone, root cap cells, or differentiating xylem. All 
of these tissues have inherently different cell-specifi c 
metabolism but need to maintain this metabolism un-
til no longer required by the plant (for instance, the al-
eurone) or have become terminally differentiated (xy-
lem). It is possible that ns-Hbs prevent an early demise 
of these cells or are part of a pathway that permits the 
orderly progression of cell development. For instance, if 
they were found in all rice tissue and cell types it would 
be more likely that they played a general “housekeep-
ing” role; however, the nature of our fi ndings indicates 
that, indeed, there may be a specifi c developmental 
function(s) of the ns-Hbs in vivo. 
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