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Metaphloem sieve elements (MSEs) in the developing caryopsis of Triticum aestivum L. undergo a 
unique type of programmed cell death (PCD); cell organelles gradually degrade with the MSE differen-
tiation while mature sieve elements keep active. This study focuses on locating BEN1-LIKE protein and 
nuclear degradation in differentiating MSEs of wheat. Transmission electron microscopy (TEM) showed 
that nuclei degraded in MSE development. First, the degradation started at 2–3 days after flowering 
(DAF). The degraded fragments were then swallowed by phagocytic vacuoles at 4 DAF. Finally, nuclei 
almost completely degraded at 5 DAF. We measured the BEN1-LIKE protein expression in differentiating 
MSEs. In situ hybridization showed that BEN1-LIKE mRNA was a more obvious hybridization signal at 
3–4 DAF at the microscopic level. Immuno-electron microscopy further revealed that BEN1-LIKE pro-
tein was mainly localized in MSE nuclei. Furthermore, MSE differentiation was tested using a TSQ Zn2+ 
fluorescence probe which showed that the dynamic change of Zn2+ accumulation was similar to BEN1-
LIKE protein expression. These results suggest that nucleus degradation in wheat MSEs is associated 
with BEN1-LIKE protein and that the expression of this protein may be regulated by Zn2+ accumulation 
variation.
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INTRODUCTION

Programmed cell death (PCD) is a cell suicide process involving cell condensation, 
cell shrinkage, and ordered cell disassembly [23]. It was discovered during normal 
embryological development early in 1951 [10]. Senescence in plant cells was defined 
as the deteriorative processes which are behind the natural causes of death, which 
include PCD that first described as present in plants [15]. PCD had been demon-
strated to be an active cell death process involved in the development of animals and 
plants [2, 14], which was accompanied by increased vacuolation, cellular shrinkage, 
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nuclear condensation, and even DNA fragmentation [9, 17]. In addition, some fea-
tures of PCD in plants are similar to features characteristic of apoptosis in animals 
such as the changes in cell morphology and the processing of DNA into oligonucle-
osome-sized pieces [23]. 

One of the key similarities between PCD in plant cells and apoptosis in animal 
cells is the degradation of nuclear DNA [13]. Nuclear endonuclease is essential for 
DNA fragmentation and other morphologic changes of apoptotic nuclei [13, 22, 27]. 
In addition, nuclease induction is strongly associated with plant PCD processes [7, 
27]. For example, several nucleases have been identified to be responsible for hyper-
sensitive response to cell death signal [18–19]. The isolation and characterization of 
cDNAs encoding two S1-type DNases (BEN1 and ZEN1) that can be involved in the 
PCD of plants have been described [1]. Furthermore, Zn2+-dependent endonuclease 
cDNAs (Bnuc1) isolated from salt-stressed or senescent leaves in barley were detect-
ed [20]. The S1-type and Zn2+-dependent DNase groups have been associated with 
PCD [1, 27, 36]. In addition, a previous study revealed an endonuclease which is 
responsible for DNA laddering by the D-mannose system in Arabidopsis roots and 
maize (Zea mays) [26]. The endonuclease genes (BEN1 and Bnuc1) up-regulated in 
tissues undergoing PCD are expressed during male gametogenesis in barley, and a 
novel endonuclease gene namely Bnuc2 has been discovered [36]. In contrast, 
Domínguez et al. [3, 4] used wheat grain nucellar cells undergoing PCD to analyze 
nucleus dismantling and identify two endonucleases. However, the endonucleases 
involved in plant PCD are still largely unknown.

Plant phloem is composed of sieve elements (SEs), companion cells, and phloem 
parenchyma cells. SEs are responsible for the transport of nutrients, ions, and 
water [8]. The ultrastructures of the root protophloem SE at different developmental 
stages of Arabidopsis thaliana L. showed chromatin condensation, nuclear degrada-
tion and later disappearance, and mitochondria still in the cytoplasm of the mature 
SEs [33]. In addition, the nuclear control on metabolic processing in the mature SEs 
was lost, but nuclear remnants of mature SEs still remained in vascular cryptogams 
and conifers [6, 29]. These studies illustrate that the development of phloem SEs is a 
PCD process. Nevertheless, the PCD process would discontinue in MSEs and the 
cells would retain some cytoplasm remnants and keep active [32, 35]. This special 
PCD in SE differentiation has been named “programmed cell semi-death” [29].

To determine the mechanism of programmed cell semi-death in SEs, we have per-
formed studies to confirm that the cytoplasm degradation is mediated by vacuole 
microautophagy. Tonoplast then selectively fused with the plasma membrane after 
vacuole cytoplasm degraded completely. After combing the space a small amount of 
preserved cytoplasm was discovered [32]. However, the development of SEs involved 
in PCD is still largely unknown. The wheat endonucleases involved in the SE dif-
ferentiation of the programmed cell semi-death process are not reported in detail. 
Without the wheat endonucleases gene sequences, we utilized the endonuclease gene 
BEN1 from a higher homology barley plant. This gene was called BEN1-LIKE. Using 
the ventral vascular bundles of caryopses in developing wheat as a model system, we 
investigated MSE differentiation and nuclear degradation, located the BEN1-LIKE 
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protein and mRNA, and detected fluorescence of Zn2+. We aimed to determine by 
TEM and fluorescence microscopy whether these results are associated with SE dif-
ferentiation of cytological and ultrastructural features.

MATERIALS AND METHODS

Material and sampling

Wheat (Triticum aestivum L.) seeds of cv. Huamai 8 were planted in a greenhouse  
(12 h light/12 h dark, 20 °C) of Huazhong Agricultural University, Hubei Province, 
China. During the growth of seedlings, they were watered with Hoagland’s nutrient 
solution [11]. At the time of flowering, the flowering spikelets were tagged with a pen 
mark on the arista and the ears were tagged with labels. Spikelet samples were col-
lected daily from 0 to 7 days after flowering (DAF) for experiment.

Microstructural observation

The microstructure of vascular tissue in caryopses was determined according to 
Wang’s method [31]. Two μm thick sections were cut on an LKB 2088 Ultracut ultra-
microtome (Bromma, Sweden). The sections were then stained with 1% (w/v) tolui-
dine blue solution for 5 min at 25 °C and rinsed with ddH2O. The sections were 
viewed with a light microscope (Nikon Eclipse 80i, Tokyo, Japan). 

Ultrastructural observation

The ultrastructure of the nuclear experiment was determined according to Zhou’s 
method [38]. Then 80–90 nm thick sections were cut on an ultramicrotome and 
viewed (unstained) with transmission electron microscope (TEM) H-7650 (Hitachi, 
Japan) at 80 kV. 

In situ hybridization

All the pre-treatment protocols were adapted from Yang [32]. The paraffin embedded 
samples were cut on a paraffin slicing machine (Leica RM 2235, Germany) at 5 µm. 
Oligonucleotides were labeled according to the DIG Oligonucleotide Tailing Kit 
(Roche, Germany). Immunological detections were performed by alkaline phos-
phatase-conjugated anti-digoxigenin antibody and visualized with NBT\BCIP 
(Roche, Germany). The sections were viewed by light microscopy. A positive reac-
tion was indicated by deposition of deep purple.
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Oligonucleotides for BEN1 (Accession No. D83178) (Sangon, China) were as fol-
lows: anti-sense oligonucleotide: 5’-gtcga gcagg acgac accct aggag atgag tacta cttca 
aagcg-3’, sense oligonucleotide: 5’-cgctt tgaag tagta ctcat ctcct agggt gtcgt cctgc 
tcgac-3’. 

Immuno electron microscopy of BEN1-LIKE protein

Immuno electron microscopy was carried out according to Liu’s method [16]. The 
80–90 nm thick sections were cut on an ultramicrotome, incubated with rabbit anti-
BEN1-LIKE antibody (Shanghai ImmunoGen Bio-technology, China), stained with 
2% uranyl acetate and lead citrate, and examined with a Hitachi H-7650 TEM at  
80 kV.

Based on the electron micrographs, we derived numerical statistics regarding the 
localization of colloidal gold by analyzing more than 40 sieve elements at different 
stages with the ACDsee PowerPack software (ACD Systems Ltd.). Statistical analysis 
was carried out via the Excel software (Microsoft Corporation). Data are presented as 
the mean ± standard deviation. Significant differences were accepted at P < 0.05. The 
control group was exposed to the BSA solution, instead of the first antibody. 

Zn2+ fluorescence

The Zn2+ fluorescence experiment was carried out according to Xu’s methods [34]. 
The sections were cut on a freezing microtome (Leica CM1850, Germany) at 10 μm, 
stained with TSQ Zn2+ fluorescence probe (Enzo) (10 μmol ∙ L–1), kept for 5 min at 
25 °C, and were washed in dd H2O twice for 5 min. Then sections were viewed using 
a fluorescence microscope (Nikon Eclipse 80I) under the UV light wavelength 
(360 ~ 380 nm) excitation. Control group sections were stained with dd H2O instead 
of TSQ Zn2+ fluorescence probe solution.

RESULTS

Structural changes of developing MSEs of Triticum aestivum L.

Microstructures were examined in the developing caryopses of wheat. The cell wall 
became thicker than the neighboring cells (Fig. 1). We could not find the structure of 
MSEs at 0 DAF (Fig. 1A), and the MSE cells started growing at 1 DAF (Fig. 1B).  
As MSEs developed, the number of cells gradually increased. At 6 and 7 DAF, MSEs 
grow mature which could not be observed in endocyte barely (Fig. 1G–H).
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Ultrastructural observation of nuclear degradation in MSEs

At 2 DAF, the nuclei appeared normal and the chromatin condensation could be 
observed (Fig. 2A, A1) which was similar to that found at 2.5 DAF (Fig. 2B, B1). At 
3 DAF, the nuclear invagination appeared, the nuclei were slightly deformed, and the 
electron density increased due to the aggregation and condensation of chromatin (Fig. 
2C, C1). At 3.5 DAF, the nuclei partly degraded and part of the nuclei and cytoplasm 
were swallowed by vacuoles (Fig. 2D, D1). At a later stage, integral nuclei could not 
be observed and there was a mass of phagocytic vacuoles which were swallowing the 
nearby cell content (Fig. 2E, E1). The phagocytic vacuoles were transported to the 
vacuole that degraded endocytes (Fig. 2F, F1). No nuclei in the MSEs, mitochondria, 
and amyloplast, which were close to cytomembrane and the membrane fusion, were 
detected at 5 DAF (Fig. 2G, G1, and G2).

Fig. 2. Changes in the nucleus during the differentiation of MSEs. A: 2 DAF; B: 2.5 DAF; C: 3 DAF; D: 3.5 DAF; 
E: 4 DAF; F: 4.5 DAF; G: 5 DAF. A1, B1, C1, D1, E1, F1, G1, and G2 are the enlarged areas of the white boxes 

in A–G, respectively. Bar: 2 μm
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Localization of  BEN1-LIKE mRNA in abdominal vascular bundle 
of caryopses

BEN1-LIKE mRNA showed a clear deep purple signal pattern in abdominal vascular 
tissues of the cross sections of caryopses. The purple positive signal showed mRNA 
of BEN1-LIKE in MSEs, and the signal also remained in the parenchyma cells around 
MSEs (Fig. 3). The strongest purple signal appeared in MSEs at 3 and 4 DAF (Fig. 
3B, C) and gradually decreased at 5 and 6 DAF (Fig. 3D, E). No obvious signals were 
observed in MSEs of the sense control group (Fig. 3A1–E1). 

Immunohistochemical localization of BEN1-LIKE protein in MSEs

Subcellular localization of BEN1-LIKE protein was performed to better elucidate 
the possible mechanisms involved and its role in MSEs. At early stages of develop-
ment, young MSEs can be distinguished by cell wall thickness [31]. In this study, 
BEN1-LIKE protein was localized as black colloidal gold particles (Fig. 4). At 2 
DAF, a small number of gold particles that detect BEN1-LIKE protein were 
observed in cytoplasm and nuclei of sieve elements (Fig. 4A, A1, and A2), but their 
number did not change obviously (Fig. 5). The labeling intensity was strong at 3 
DAF (Fig. 4B, B1, and B2) and was distributed in the nuclei of sieve elements (Fig. 
5). At 4 DAF, the gold particles were found in the nucleus fragments and cytoplasm 
(Fig. 4C, C1, and C2; Fig. 5). At 5 DAF, a small number of gold particles were also 
detected in the cytoplasm, and cell organelles were almost missing (Fig. 4D, D1, 
D2; Fig. 5). No labelling appeared in the negative control group (Fig. 4E–H and 
E1–H1).

Fig. 3. Localization of BEN1-LIKE mRNA in abdominal vascular bundle of caryopses by in situ hybrid-
ization. A, B, C, D, and E represent the cross section at 2 to 6 DAF, respectively, which were treated with 
antisense probes. A1, B1, C1, D1, and E1 are control at sense probes. Arrows show the sieve elements. 

Bar: 50 μm



74 Jingtong Cai et al.

Acta Biologica Hungarica 66, 2015

Zn2+ fluorescence

To analyze Zn2+ briefly, we used a TSQ Zn2+-sensitive fluorescent probe to detect the 
Zn2+ accumulation change in MSE differentiation. The blue fluorescence intensity 
was brighter at 3 and 4 DAF than at 2 and 5 DAF, and blue autofluorescence in the 
control group was weak at 4 DAF (Fig. 6). The dynamic Zn2+ accumulation changed 
in a similar pattern as BEN1-LIKE expression levels.

Fig. 4. Subcellular localization of BEN1-LIKE protein by immuno electron microscopy in MSEs of 
wheat caryopsis. The arrows show the gold particles which represent the BEN1-LIKE protein. A, A1, and 
A2: 2 DAF. B, B1, and B2: 3 DAF. C, C1, and C2: 4 DAF. D, D1, and D2: 5 DAF. No label appeared in 

the negative control group at 2 to 5 DAF (E–H, E1–H1). Bar: 2 μm
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Fig. 6. Zn2+ accumulation dynamic change in abdominal vascular bundle of caryopses. A, B, C, and D represent 
the cross section at 2 to 5 DAF, respectively, which were treated with Zn2+-sensitive fluorescent probe TSQ. The 

white box shows the sieve elements. E: the control group at 4 DAF. Bar: 40 μm

Fig. 5. Distribution of detectable gold particles by immuno electron microscopy in MSEs of wheat  
caryopsis. Data represent the average value of at least 40 sieve elements. Error bars represent standard  

deviation
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DISCUSSION

Applying TEM and light microscopy, it was found that the MSEs of wheat plants 
undergo increased vacuolation, cell wall thickening, nuclear degeneration, and chro-
matin condensation. These characteristics are the same as those reported during the 
SE differentiation of wheat, Aegilops comosa var. thessalica, and Arabidopsis thali-
ana L. [5, 33, 35, 37]. They are also typical characteristics of PCD in plants [9, 23]. 
The mature SEs survived PCD which indicates that PCD in SEs is carefully con-
trolled and the latter cannot be terminated [31]. SEs were previously reported as 
growing at 0 DAF [35] and maturing at 6 DAF [31]. However, our light micro-
scopic and ultrastructural studies showed that the stage of nucleus degradation was 
at 3 to 4 DAF (Fig. 2). SEs were found to grow at 1 DAF and most organelles disap-
peared at 6–7 DAF. It indicates that possibly the growth cycle of MSEs have slight 
differences.

A typical characteristic of animal apoptosis and plant PCD is nucleus degradation. 
A case example is the degradation of nuclear chromatin. Chromatin in TEs PCD is 
degraded by endonuclease which is released from vacuole rupture [21]. Courtois-
Moreau et al. [2] pointed out a unique type of cell death program in xylem fibers of 
hybrid aspen (Populus tremula × P. tremuloides) stems. The degradation of the nucle-
ar and cytoplasmic content occurred before the loss of vacuolar integrity. The vacu-
oles were thought to initiate cell degradative processes, but the last process occurred 
before the final autolysis of the remaining cell contents. In addition, vacuole structure 
was still intact after complete degradation of SE chromatin [32]. Endonucleases in 
SEs were located in the cytoplasm and nucleus to fulfill its fate of chromatin degrada-
tion [32]. Therefore, nuclear chromatin degradation in SEs is inconsistent with TEs. 
Our ultrastructural observations showed that in the final stage of nucleus degradation 
at 4 DAF most of the condensed chromatin was lost (Fig. 2) and the remaining con-
densed chromatin was localized at the periphery of the nucleus [33, 35]. The results 
showed that nuclear degradation in MSEs mainly happened at 3 to 4 DAF (Fig. 2C, 
D and E). Condensed chromatin was observed at the edge of nuclei at 3.5 DAF (Fig. 
2D, D1), suggesting that fragments of nuclear chromatin were finally degraded by 
phagocytic vacuoles. The BEN1-LIKE protein, which may be the wheat endonucle-
ase, was also highly expressed at 3–4 DAF (Fig. 4). This suggests that the nucleus 
degrades in various forms associated with various species-specific genes. Nuclear 
remnants of SEs at maturity still remained in some plants [6, 29]. Yang [32] has found 
that fusion to the plasma membrane may preserve a small amount of cytoplasm at the 
later stage of SEs programmed cell semi-death. We have also found a similar phe-
nomenon in that after the degradation of intact nuclei the nuclear fragments were 
diffused in the cells and swallowed by the nearby phagocytic vacuoles (Fig. 2E), 
mitochondria, and amyloplasts which were close to the cytomembrane and membrane 
fusion. (Fig. 2G, G1, and G2). The result suggests that phagocytic vacuoles possibly 
play a role in degradation of nuclear fragments by phagocytosis and that a slightly 
incomplete degradation inclusion may be preserved. This preservation was beneficial 
to maintaining the activity of SEs and might lead to SEs programmed cell semi-death.
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BEN1 is a Zn2+-dependent endonuclease cDNA from barley and has been associ-
ated with PCD [1, 27]. Its homology was analyzed with the NCBI Genbank database 
based on the nucleotide sequences of BEN1. The highly homologic sequences are 
mainly plant endonuclease nucleotide sequences including some predicted genes in 
wheat. We are not sure whether the highly homologous sequences have the same 
endonuclease function due to the unknown function of the predicted genes. However, 
the orthology of wheat and barley was the highest by expressed sequence tag (EST) 
analysis [33] and BEN1-LIKE activity has been shown to be involved in SE develop-
ment. Thus, we suggest that the BEN1-LIKE protein may be a nuclease that plays a 
role in differentiation of wheat MSEs. We detected the dynamic change of BEN1-
LIKE protein expression in MSEs. Because of the difficulty to specifically extract 
SEs from caryopsis, we extracted caryopsis abdominal tissue sections by immuno-
chemistry assay to analyze the relative expression of BEN1-LIKE. We have found that 
the higher expression was at 3–4 DAF (Fig. 4) and mainly localized in the nucleus 
(Fig. 5). Furthermore, in situ hybridization indicated that the higher transcription 
level of BEN1-LIKE mRNA was at 3–4 DAF (Fig. 3). We suggest that such a dynam-
ic change of the BEN1-LIKE protein expression in MSEs may be beneficial since it 
enables the cell to control nuclear degradation.

Wang et al. [31] observed evidence of ceased PCD in MSEs in the developing 
caryopsis of Triticum aestivum L. At maturity, the SEs retain an intact plasmalemma 
and some organelles, and the mature SEs still act as live cells [32, 35, 37]. It has been  
shown that Zn2+ has a significant impact on apoptosis of plant cells [12–13, 30]. We 
investigated the dynamic change of Zn2+ accumulation in the development of MSEs 
(Fig. 6) which displayed a similar changing pattern as BEN1-LIKE expression levels. 
BEN1 is a endonuclease cDNA activated by Zn2+ [1, 36], so we suggest that the 
change of Zn2+ accumulation may affect the expression of BEN1-LIKE protein in 
wheat which is associated with the programmed cell semi-death process in SE dif-
ferentiation. Two Zn2+-dependent nucleases from intact chloroplasts of leaves of 
Oryza sativa in visible senescence were determined, and when their activity increased 
markedly the plastid DNA degraded [25]. In addition, DNA ladders were observed 
during cell death in toxin-treated tomato protoplasts and leaflets, and the intensity of 
the DNA ladders was inhibited by Zn2+ [30]. Moreover, certain levels of Zn2+ inhibit 
the PCD induced by various stresses on the plant cell [30]. Our research indicated that 
the change of Zn2+ accumulation may affect the expression of BEN1-LIKE protein. 
The high Zn2+ accumulation promoted the high BEN1-LIKE expression to degrade 
nuclei at an early stage. The low Zn2+ accumulation inhibited the low BEN1-LIKE 
expression at a later stage of MSE differentiation which may have ceased PCD. Due 
to the difficulty of specifically extracting SEs from caryopsis, Zn2+ accumulation 
precision is limited. Thus, the zinc data are merely correlative. Therefore, we suggest 
that MSE differentiation in the programmed cell semi-death process may be due to 
the synergy between BEN1-LIKE protein and Zn2+. The dynamic change of BEN1-
LIKE protein and Zn2+ is one driver of the programmed cell semi-death phenomenon.

In conclusion, the MSE differentiation may have the following characteristics and 
causes: 1) The main stage of nucleus degradation is at 3 to 4 DAF. A few incomplete 
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degradation inclusions may be preserved due to the fusion of phagocytic vacuole 
membranes and plasma membranes. 2) The higher expression of BEN1-LIKE protein 
is at 3 and 4 DAF and probably is associated with the MSE programmed cell semi-
death differentiation that plays a role in nuclear degradation. 3) The dynamic change 
in Zn2+ accumulation is similar to BEN1-LIKE expression levels. The change of Zn2+ 
accumulation may affect the expression of BEN1-LIKE protein and may be associ-
ated with the cessation of PCD in MSE differentiation.
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