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Abstract

Controlled degradation of genomic DNA is a hallmark of programmed cell death (PCD) in
plants and animals. In plants, nucleic acid degradation during PCD enables nutrient redis-
tribution. S1/P1 nucleases are established participants; however, the staphylococcal-like
(SNc) nucleases, represented in Arabidopsis thaliana by plasma membrane-localized AtCAN1
and AtCAN2, have not been characterized in this context. Using promoter-driven GUS
reporter assays, we show that AtCAN1, and to a lesser extent AtCAN2, are expressed in
three tissue categories: (i) tissues described in the scientific literature as classical examples
of PCD-associated structures; (ii) cells at the plant–environment interface susceptible to
pathogen attack, root hairs, guard cells, and hydathodes; and (iii) endoreduplicated struc-
tures: stipules, trichomes, and basal hypocotyl. Expression patterns were independently
confirmed using publicly available microarray and RNA-seq datasets. Loss of AtCAN1
function reduces rosette growth. AtCAN1 is highly tissue-specific; AtCAN2 shows a broader,
weaker pattern, consistent with subfunctionalization. Overlapping expression with S1/P1
nucleases in PCD tissues suggests complementary nucleolytic roles. Unlike S1/P1 nu-
cleases, which are nuclear, SNc nucleases localize to the plasma membrane, implying
distinct yet cooperative pathways. The expression of SNc nucleases in endoreduplicat-
ing organs suggests their potential involvement in an unidentified process of polyploid
DNA recycling.

Keywords: staphylococcal-like nuclease; GUS reporter assay; lateral root cap; xylogenesis;
tapetum; trichome; nucleic acid recycling; Arabidopsis thaliana; polyploidy

1. Introduction
The development of multicellular eukaryotic organisms is inextricably linked to

degradative processes that occur both in living cells, such as autophagy, and in cells
destined for elimination through various forms of programmed cell death (PCD). At the
molecular level, these processes primarily target membrane structures, proteins, and nu-
cleic acids. In plants, a wide range of PCD processes have been documented. Model
examples include developmental events such as xylem differentiation, root cap growth,
tapetum degradation associated with pollen development, and senescence, which has been
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studied most extensively in withering leaves [1]. Degradative processes are also observed in
environmentally induced PCD. The best-characterized case is the hypersensitive response
(HR), a classical defense mechanism in which plant cells undergo localized death upon
pathogen attack [2].

In all studied cases of PCD, intense nucleolytic activity has been observed, leading
to the degradation of both genomic DNA and cellular RNA. Although DNA elimination
occurs during PCD in both plants and animals, the underlying biological function differs
substantially. In animals, DNA degradation primarily serves to protect surrounding tissues
from inflammation. Such inflammation could otherwise be triggered by the release of
nucleic acids from disintegrating cells into the intercellular space [3]. In contrast, this
explanation does not apply to plants. Instead, it is generally assumed that nucleic acid
degradation in plant tissues undergoing PCD facilitates the redistribution of their con-
stituent building blocks. This role is particularly important because nucleic acids are rich
in reduced nitrogen and readily available phosphorus—two essential mineral nutrients
that frequently limit plant growth due to their scarcity in the natural environment. Conse-
quently, the efficient recycling and redistribution of these elements are considered crucial
for sustaining plant development [4].

The problem of DNA component redistribution is also connected with the phe-
nomenon of DNA endoreduplication. Endoreduplication occurs in various plant tissues,
but its biological significance is still unclear. However, considering how many valuable
building blocks polyploid DNA contains, a question arises about their final fate, i.e.,
whether they can be recycled. In storage tissues such as endosperm and cotyledons, where
endoreduplication occurs [5] and where, during the mobilization of accumulated reserves,
strong nucleolytic activity has also been reported [6,7], it has been proposed that the ac-
cumulated DNA may serve as a source of elements for the synthesis of nucleic acids in
developing organs [8]. However, it remains unclear whether polyploid DNA in tissues that
do not serve storage functions can also be utilized for a similar purpose.

A group of hydrolytic enzymes, commonly referred to as degradative nucleases, is
responsible for the nonspecific breakdown of nucleic acids. Unlike nucleases involved in
DNA repair or recombination, degradative nucleases exhibit high catalytic activity, low
substrate specificity, and tissue-specific expression. Plants and animals use enzymes from
distinct protein families to perform this function. In plants, BFN1, a member of the S1/P1
endonuclease family, is the nuclease for which the most compelling evidence supports
its role in PCD [9]. To establish this function, studies employing the GUS reporter gene
under the control of the BFN1 promoter proved crucial [10]. In addition, analysis of BFN1
gene expression profiles from available microarray data confirmed that this nuclease’s
expression correlates with known instances of PCD [11].

However, analysis of degradative nucleolytic activities detected in various plant tissues
undergoing PCD suggests that multiple nucleases are likely involved in these processes [6].
These enzymes differ considerably in their molecular weight and catalytic requirements.
As we have established, this diversity arises primarily from the fact that individual pro-
teins of the S1/P1 family are catalytically active under different pH conditions—mainly
acidic or neutral—and also from the fact that they utilize distinct divalent cations, most
commonly Zn2+, Ca2+, or Mn2+, as cofactors. Moreover, members of this family are further
distinguished by their sensitivity to inhibition by various factors [11]. Such extensive
diversity among degradative nucleases can be attributed to their roles in different forms of
PCD that occur in tissues exhibiting substantial morphological and physiological variation.
Furthermore, because DNA degradation appears to be a multistep process, even a single
type of PCD may involve the coordinated action of several nucleases, each operating un-
der conditions specific to distinct stages. Taken together, these observations indicate that
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plants require a broad repertoire of nucleases capable of hydrolyzing nucleic acids under
diverse conditions.

According to our hypothesis, another family of DNases that may, alongside the S1/P1
nucleases, participate in PCD-dependent DNA degradation in plants is the Staphylococcal-
like nuclease family (SNc). Our previous studies on two plant members of this family
encoded by Arabidopsis thaliana—AtCAN1 and AtCAN2—have demonstrated that these
enzymes, similar to their bacterial homologs, are catalytically active at neutral pH in the
presence of Ca2+ ions and display pronounced DNA-degrading activity. Moreover, expres-
sion analysis based on available microarray data suggested that tissue-specific expression
of at least one of these genes, AtCAN1, may correlate with the progression of PCD. No-
tably, AtCAN1 exhibits several unusual and intriguing features for degradative nucleases,
including membrane localization and an ABC transporter motif, suggesting its potential
involvement in intercellular transport [12]. Additional support for the involvement of this
protein family in PCD comes from the expression profile of the CrCAN gene from Citrus
reticulata, which encodes a nuclease homologous to AtCAN1 and participates in DNA
degradation during PCD of secretory cavity cells [13,14].

Based on these observations, we tested three hypotheses: (1) that AtCAN1 and At-
CAN2 are expressed preferentially in tissues that are considered classic examples of PCD-
associated structures in the scientific literature (2) that their expression correlates with
endoreduplication, implicating them in the recycling of polyploid DNA components; and
(3) that AtCAN1 and AtCAN2 differ substantially in their tissue-specific expression patterns.
To test these hypotheses, we employed promoter-driven GUS reporter assays across all
stages of A. thaliana development, supported by independent validation using publicly
available transcriptomic datasets.

2. Results
2.1. Production of AtCAN1 Promoter-GUS and AtCAN2 Promoter-GUS Transgenic Plants

The analysis of expression profiles is a basic approach to understanding biological
function. In the studies presented below, we assumed that identifying the expression of
SNc family genes in tissues undergoing well-defined nucleic acid degradation processes
would support the hypothesis that these genes participate in such processes. This strategy
was successfully applied in previous research, where analysis of plants transformed with
a chimeric construct (BFN1 promoter-GUS) demonstrated the involvement of the BFN1
(ENDO1) nuclease from the S1/P1 family in plant PCD [10]. In this work, we used a similar
methodology. We selected potential promoter sequences of the two A. thaliana SNc nucleases
(2899 bp for AtCAN1 and 1814 bp for AtCAN2) and introduced them into the modified
pCAMBIA3301 genetic vector upstream of the GUS reporter gene. These constructs were
introduced into Arabidopsis plants using the floral dip method, and the resultant transgenic
lines were analyzed for SNc promoter activity during plant development. The activity
of the GUS reporter gene under the control of the selected promoters was examined
comprehensively across all organs and developmental phases; however, in this paper, we
present only the results demonstrating detectable GUS protein activity.

2.2. Expression Pattern of AtCAN1 During Early Stages of Plant Development

We began our study of the expression profile of AtCAN1 nuclease in A. thaliana
by detecting GUS signals at early stages of plant development, from 2-day-old through
7-day-old seedlings (Figure 1). The first appearance of the GUS signal was observed in
two-day-old seedlings. At this stage, the strongest signal was detected in the root cap. In
addition, a pronounced GUS signal was visible in the transition zone between the hypocotyl
and the root, with a particularly high density in the root hairs. Furthermore, in this part of
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the plant, the GUS signal was also present along the developing axial cylinder of the root.
A weaker signal was also detected in the cotyledon area; however, it disappeared during
subsequent stages of seedling development.

 

Figure 1. Histochemical staining of GUS activity driven by the AtCAN1 promoter in A. thaliana
seedlings. (A) Overall view of a two-day-old seedling. The vertical white line indicates the transition
zone enlarged in panel (B). (B) Enlargement of the transition zone between the hypocotyl and the root,
showing GUS signal in the root hairs and in the developing axial cylinder (arrow). (C) Enlargement of
the root cap. (D) Overall view of a 7-day-old seedling. (E) Enlargement of the terminal, younger parts
of a 7-day-old seedling root with GUS signals in the root caps (arrows). (F) Enlargement of the floral
shoot apex region, with GUS signals in the stipules (black arrow) and in the developing vascular
bundles of stem and leaf petioles (white arrows). Scale bars: 500 µm (A), 2 mm (D), 200 µm (B,E),
100 µm (C,F).

As shown in Figure 1D–F, which present the staining results of a 7-day-old seedling,
the GUS signal extended along the entire length of the root in subsequent days, except in
the youngest sections, where it remained confined to the root cap. In the above-ground
part of the seedling, a specific GUS signal appeared in the stipules and along the vascular
bundles of the stem and leaf petioles.

2.3. Expression Pattern of AtCAN1 in Vegetative Organs of Mature Plants

In the vegetative organs of young rosette-stage plants, the activity of the AtCAN1
promoter was detected in several locations (Figures 2 and 3). In 14-day-old plants, intense
GUS signals were observed in the petioles of rosette leaves. Furthermore, GUS activity was
also detected in the inflorescence stem and the leaf blade area. In the stem, the GUS signal
persisted in the vascular bundles and on its surface, where distinct and highly specific
GUS signals were observed in stomata (Figure 2D) and trichomes (Figure 3A–C). We also
observed AtCAN1 promoter activity in several leaf structures. To further characterize these
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signals, we analyzed cotyledons, rosette leaves, and stem leaves. When analyzing rosette
leaves, we included both juvenile rosette leaves with smooth margins and well-developed
first emerged 1–2 leaves with serrated margins. Analysis of all these cases showed that the
GUS signal in leaves was detected in the vascular bundles, and hydathodes (Figure 2F–H)
and trichomes (Figure 3). However, the intensity of individual signals varied depending on
the leaf category and growth conditions–for example, whether the plants were grown in
soil or in vitro under relatively high humidity exceeding 95%. Signals in hydathodes were
observed both along the smooth leaf margin and at the tips of the leaf serrations, which are
tooth-like protrusions that also contain hydathodes in Arabidopsis [15]. Interestingly, while
the GUS signal was present in both stem and leaf trichomes, it was detected only in stem
stomata and not in those of leaves.

 

Figure 2. Histochemical staining of GUS activity driven by the AtCAN1 promoter in vegetative organs
of 21-day-old plants. (A) 21-day-old A. thaliana plant with dominant GUS signal in leaf petioles.
(B) Cross-section of the lower part of the flower stem with an attached leaf petiole, showing GUS
signals in the vascular bundles (black arrows). (C) Microscopic image of an oblique stem section,
showing GUS signal in stomata (black arrow) and vascular bundles (white arrow). The black rectangle
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shows the area magnified in panel (D). (D) Enlargement of the stem epidermis with GUS signal in
stomata. (E) Overall view of a rosette leaf with GUS signal visible in vascular bundles and trichomes.
(F) Enlargement of a leaf region showing GUS signal in a hydathode located at the smooth leaf margin
(black arrow). (G) Overall view of a rosette leaf with serrated margins. (H) Enlargement of a GUS
signal in a hydathode located at the tooth-like protrusion (black arrow). Scale bars: 5 mm (A,E,G),
500 µm (B), 200 µm (C), 25 µm (D), 100 µm (F,H).

 

Figure 3. Histochemical staining of GUS activity driven by the AtCAN1 promoter in trichomes. (A) Tri-
chomes on the leaf surface (black arrow). (B) Enlargement of the stem trichome. (C) Enlargement of a
single trichome at the edge of the leaf. Scale bars: 200 µm.

2.4. Expression of AtCAN1 During Leaf Senescence

The spatial distribution of the GUS signal in leaves showed clear alterations as senes-
cence progressed. In fully developed, mature leaves, GUS activity was detected only in
the previously mentioned, narrowly defined leaf structures. It was not detectable in the
green tissues, including the mesophyll and epidermis (Figure 2). As illustrated in Figure 4,
however, the pattern of GUS expression underwent a pronounced shift upon the onset of
leaf wilting. The signal initially emerged in tissues displaying chlorosis at the leaf margins.
Subsequently, it expanded as senescence progressed, thereby providing clear evidence of
AtCAN1 promoter activation in response to senescence-associated factors.

 

Figure 4. Histochemical staining of GUS activity driven by the AtCAN1 promoter in senescing leaves.
In the left panels, green indicates chlorophyll-containing, non-senescent tissue, while pale-green/yellow
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sectors mark the onset of chlorosis. In the right panels, the blue precipitate reveals AtCAN1 promoter
activity, which is confined to the chlorotic areas. (A) A leaf at an early stage of senescence, before
(left) and after (right) GUS staining. (B) A leaf at a later stage of senescence, before (left) and after
(right) GUS staining. Scale bars: 5 mm.

2.5. Spatial Pattern of AtCAN1 Expression in Floral Tissue and Developing Siliques

Expression of the AtCAN1 promoter was also observed in flowers (Figure 5). Between
stages 10 and 16 of flower development (according to the classification proposed by [16]) the
GUS signal was detected exclusively in the anthers. At these stages, expression was observed
both in the tapetum and the developing pollen. As flower development progressed, the
distribution of the signal changed: it disappeared from the tapetum as this tissue degraded
and became localized in the pollen grains. This expression pattern is characteristic of tapetum-
derived proteins, which are known to be incorporated into pollen during its maturation.

 

Figure 5. Histochemical staining of GUS activity driven by the AtCAN1 promoter in Arabidopsis
flowers and developing siliques. (A) A flower at the 14th stage of development [16] with GUS signal
visible in the anthers (black arrow). (B) A microscopic image of a cross-section of anthers at the 14th
stage of flower development. (C) A flower at the 15th stage of development. (D) A microscopic image
of a cross-section of anthers at the 15th stage of flower development. (E) Transmitting tissue of the
pistil style (black arrow). (F) Terminal part of the late silique showing GUS signal in the silique valves
(black arrow). Scale bars: 500 µm (A,F), 200 µm (B,C,E), 50 µm (D).

At later stages, GUS activity was also detected during the transformation of the pistil
into seed pods. Initially, a highly specific signal was observed in the transmitting tissue of
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the pistil style. In contrast, at later stages of silique maturation, the signal became visible
along the entire surface of the valves (Figure 5E,F).

2.6. Expression of the AtCAN2 Promoter in Plant Tissues

Observations similar to those obtained for the gene encoding AtCAN1 were also made
for the second member of the SNc family, AtCAN2. Despite considerable similarity in the
catalytic properties of these two enzymes, their gene expression profiles differed markedly.
Expression of the AtCAN2 promoter::GUS construct was detected in only two cases. In
the seedling, AtCAN2, like AtCAN1, showed strong, highly specific expression in stipules
(Figure 6A). In 21-day-old plants, we detected the GUS signal only in the leaf hydathodes.
(Figure 6B). No GUS signal was observed in other tissues in which AtCAN1 promoter::GUS
activity had previously been detected.

 

Figure 6. Histochemical staining of GUS activity driven by the AtCAN2 promoter in an Arabidopsis
plant. (A) A floral shoot apex region of a 7-day-old seedling, showing GUS signal in the stipules
(black arrow). (B) Leaf region of a 21-day-old rosette 6th leaf showing GUS signal in the hydathodes
(white arrow). Scale bars: 100 µm (A,B).

2.7. Transcriptomic Evidence for Tissue-Specific Expression of A. thaliana SNc Family Genes

The results from GUS reporter assays demonstrate that SNc nucleases are expressed in
distinct, well-defined plant tissues. Considering the nucleolytic activity of these enzymes,
their previously reported subcellular localization, and the characteristics of the tissues in
which they are expressed, these findings support hypotheses regarding their biological
function. However, an important condition for this type of analysis is independent valida-
tion of the tissue-specific expression patterns observed in this study. Although the GUS
reporter assay is a widely used and well-established approach, several caveats must be
considered when interpreting the results, as they may affect the robustness of the conclu-
sions. One such limitation is that the DNA fragment used as the promoter region may
be incomplete, since gene expression can also be regulated by cis-acting elements located
outside the analyzed promoter sequence. In addition, transgene expression may in some
cases be influenced by the chromatin environment at the site of genomic insertion.

For these reasons, the results obtained using the GUS reporter assay were compared
with independent analyses reflecting gene expression under native conditions. To this
end, a comparative analysis was performed between the GUS-based expression patterns
presented above and expression data derived from genome-wide transcriptomic profiling
approaches, primarily microarray- and RNA-seq–based assays (Table 1). Because multiple
research groups have independently analyzed the same transcriptomes, these datasets
provide a robust and objective reference for assessing gene expression patterns. Moreover,
the available transcriptomic data include analyses of numerous plant mutants, provid-
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ing additional insights into the mechanisms underlying the regulation of the analyzed
gene’s expression.

The root cap is one of the plant tissues in which the GUS reporter signal driven
by the AtCAN1 promoter was particularly strong and highly localized. Transcriptome
profiling data further support this observation. For example, a comparative analysis of root
transcriptomes from the lateral root cap (LRC) and the adjacent elongation zone (EZ) [17],
as shown in Figure 7A, revealed a clear enrichment of AtCAN1 expression in the LRC
relative to the EZ. In contrast, no such enrichment was observed for AtCAN2, consistent
with our previous results, which did not indicate elevated expression of this gene in the
LRC relative to other root regions. Additional evidence for the association of AtCAN1 with
the root cap is provided by comparative transcriptome analysis of wild-type Arabidopsis
(WT) and a mutant lacking functional NLP7 protein. NLP7 (NIN-LIKE PROTEIN 7) is
a transcription factor that specifically regulates root cap maturation in Arabidopsis and is
highly expressed in the columella root cap. Previous studies have shown that loss of NLP7
function severely disrupts the development of this tissue [18]. As shown in Figure S1A, the
dNLP7 mutant also shows a trend toward reduced AtCAN1 expression (0.79-fold; p = 0.33).
However, given that only n = 2 biological replicates were available for this dataset, the
result should be interpreted cautiously.

Another root region in which our analyses revealed strong AtCAN1 promoter activity
was the root hair zone. This observation was further supported by bioinformatic analysis
of transcriptomic datasets. One illustrative example comes from studies comparing the
transcriptomes of root hairs and pollen tubes, based on the premise that these cell types
share similarities related to an analogous mechanism of apical growth. In that study,
the authors also compared these data with transcriptomes from six additional vegetative
organs of A. thaliana: seedling, flower, ovule, unpollinated pistil, silique, and leaf [19]. Our
analysis of these datasets demonstrated that, among the eight tissues examined, AtCAN1
expression was highest in root hairs, markedly exceeding the levels observed in pollen
tubes. The remaining tissues included in this experiment displayed substantially lower
AtCAN1 expression, with the highest levels detected in siliques (Figure 7B). Notably, the
expression profile of AtCAN2 deviated from this pattern.

In our study, GUS activity driven by the AtCAN1 promoter was also detected in the
vascular bundle region. This finding supports our previous hypothesis linking AtCAN1
expression to xylem formation, proposed in Lesniewicz et al. [12], which describes the
catalytic activity and subcellular localization of this nuclease. That hypothesis was based
on microarray data from the Genevestigator database, whereas the transcriptomic analyses
presented here provide further, more detailed evidence supporting this suggestion. The
research project “High-resolution transcriptomic developmental map of A. thaliana based
on RNA-seq” (Table 1) [20] provided extensive data on transcriptomic changes associated
with different developmental stages of individual organs, including the leaf petiole. As
shown in Figure 7C, these data confirm our observations, indicating a strong increase in
AtCAN1 expression in this organ.

Additional transcriptomic profiling enabled a more detailed analysis of AtCAN1 ex-
pression in individual components of the vascular bundle [21,22]. The experiment employ-
ing an in vitro leaf-disk culture system to induce xylogenesis demonstrated that AtCAN1
expression increases during leaf xylem development (Figure 7D). In turn, an experiment
employing FACS coupled with RNA sequencing to isolate and analyze xylem-specific cell
populations from distinct ontogenetic zones of the root revealed that AtCAN1 expression
shows a non-significant upward trend in the root xylem maturation zone (p = 0.333) com-
pared with the region located between this zone and the meristem (Figure 7E). These data

https://doi.org/10.3390/ijms27125408

https://doi.org/10.3390/ijms27125408


Int. J. Mol. Sci. 2026, 27, 5408 10 of 29

also indicate that the expression pattern of the gene encoding AtCAN2 differs from that of
AtCAN1 and does not show a clear association with xylogenesis.

 

Figure 7. Transcriptome-based analysis of AtCAN1 and AtCAN2 gene expression across different
A. thaliana tissues or in response to various experimental treatments. In each panel, two graphs show the
expression of the genes encoding AtCAN1 (above, yellow) and AtCAN2 (below, purple). Expression data
were retrieved and processed as described in Section 4. BioProject accession numbers, as listed in Table 1,
and the type of experiment, i.e., RNA sequencing (RNA-seq) or microarray (MR), are given in parentheses.
Gene expression levels are presented as FPKM for RNA sequencing or normalized expression values for
microarray datasets (see Section 4). Detailed information about individual experiments is provided in
Table 1. Statistical annotations above each graph indicate the test used and the result: J–T, Jonckheere–
Terpstra trend test (with direction: increasing, decreasing, or no trend); t-test, Student’s t-test; ANOVA,
one-way ANOVA; Wilcoxon (exact), Wilcoxon rank-sum test. For pairwise comparisons against wild-
type controls with limited replicates, fold-change relative to WT and the Wilcoxon p-value are shown
(e.g., “0.17× p = 0.33”). Significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001; ns, not significant.
(A) Experiment demonstrating the expression of the analyzed genes in the lateral root cap (LRC)
compared to the adjacent root elongation zone (EZ). (B) Experiment showing different expression levels
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of the analyzed genes in two cell types representing a similar mechanism of apical growth, i.e., root
hairs (RH) and pollen tubes (PT), as well as in siliques (SI). (C) Expression levels of the studied
nuclease genes in the petioles of young (Pet1), intermediate (Pet2, Pet3), mature (Pet4), and senescent
(PetS) leaves. (D) Expression of the analyzed genes in leaf-disk cultures induced for xylogenesis
at time points from 0 h (LX0) to 48 h (LX48). (E) Expression of the studied nuclease genes in the
root xylem maturation zone (RZ2) compared with the region located below (RZ1). (F) Expression
of the analyzed genes in A. thaliana bhlh89 (d89) and bhlh91 (d91) mutants with impaired tapetum
development. (G) The level of expression of the analyzed genes in five silique pods at different stages
of aging, from Pod7 (youngest) to Pod1 (oldest) and PodS (senescing). (H) The level of expression of
the studied genes at different stages of stomatal development, namely epidermal cells (EP), young
guard cells (YGC), and mature guard cells (MGC).

The above data on AtCAN1 expression in the xylem and the root cap suggest that this
gene may be involved in different types of programmed cell death (PCD). Therefore, we
considered it particularly important to obtain independent confirmation of our GUS-based
results suggesting an association between AtCAN1 and tapetum degradation, as this tissue
is widely regarded as a model system for developmental PCD. For this reason, the results
of transcriptome profiling studies examining the impact of mutations in the genes encoding
the bHLH89 and bHLH91 proteins on tapetum development were considered particularly
informative. These proteins are basic helix–loop–helix (bHLH) transcription factors that
specifically regulate tapetum and pollen development. Deletion or disruption of these
genes in Arabidopsis has been shown to cause severe defects in tapetum development [23].
As shown in Figure 7F, analysis of RNA-seq transcriptomes of bhlh89 and bhlh91 mutants
shows substantially reduced AtCAN1 expression (0.17-fold and 0.22-fold, respectively),
though these differences do not reach statistical significance (p = 0.33 for both), likely
because only n = 2 replicates per genotype were available in this dataset. Similar results,
supporting an association between AtCAN1 expression and tapetum development, were
obtained from an independent transcriptomic study by Zhu et al. [24], which also inves-
tigated the effects of bhlh089 and bhlh091 on tapetum development. Further evidence
for the involvement of AtCAN1 in PCD is provided by a comparison of transcriptomes
from tapetal cells at stages 6–7 and 8–10, captured by laser microdissection and pressure
catapulting [25]. As shown in Figure S1B, AtCAN1 expression is markedly higher at stages
8–10, which correspond to tapetum degradation via PCD, than at earlier stages.

Another plant structure in which the GUS signal correlated with PCD progression
was the silique wall. This tissue was also included among the samples analyzed within the
previously mentioned project PRJNA314076 [20] (Table 1). As shown in Figure 7G, seedless
silique pods subjected to transcriptomic analysis at different stages of aging exhibited a
pronounced increase in AtCAN1 expression levels. In contrast, the expression of AtCAN2
did not show a similar trend, consistent with the previously analyzed cases.

AtCAN1 promoter activity was detected not only in tissues undergoing developmental
PCD but also in tissues not associated with this process, as evidenced by the GUS sig-
nal observed in guard cells. Multiple transcriptomic datasets support this observation.
Specifically, transcriptomic analyses of stomatal development stages [26] demonstrated
elevated AtCAN1 expression in guard mother cells and mature guard cells compared with
epidermal cells (Figure 7H).

The involvement of AtCAN1 in guard cell development is further supported by studies
characterizing the cell-type–specific transcriptome of Arabidopsis stomatal lineages [27].
In this project, the authors compared transcriptomes of wild-type (WT) plants with those
of FAMALGK mutants. FAMA is a basic helix–loop–helix transcription factor that is both
necessary and sufficient for a cell to acquire and maintain stomatal guard cell (GC) identity.
In contrast, point mutations in FAMA (LGK) fail to sustain the terminal identity of GCs.
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Comparative transcriptomic analysis of WT and LGK lineages revealed that AtCAN1
expression shows a non-significant trend toward reduction in the dLGK mutant (0.69-fold;
p = 0.33) (Figure S1C).

Table 1. Transcriptomic datasets analyzed in this study. List of all transcriptomic BioProjects, indicat-
ing the tissue or biological process, experimental strategy (microarray or RNA-seq), BioProject/GEO
accession number (in parentheses), the official project title as registered in NCBI, and the correspond-
ing reference.

Tissue or Process Strategy Bioproject Accession and Name (NCBI) Citation

root cap microarray (PRJNA97071/GSE5749) A gene expression map of the
Arabidopsis root [17]

root cap microarray (PRJNA267858/GSE63474) Gene Expression in whole roots of
the Arabidopsis nlp7-1 mutant [18]

root hairs microarray
(PRJNA168641/GSE38486) Transcriptional Profiling of
Arabidopsis Root Hairs and Pollen Defines an Apical
Growth Signature

[19]

leaf petiole RNA-seq (PRJNA314076) High-resolution transcriptomic development
map of Arabidopsis thaliana based on RNA-seq [20]

leaf xylem microarray (PRJNA262720/GSE61941) Time course microarray analysis
during xylem cell differentiation in the leaf-disk culture system [21]

root xylem RNA-seq (PRJNA383997/GSE98097) High-resolution gene expression
datasets of ontogenetic zones in the root apical meristem [22]

tapetum RNA-seq (PRJNA254091) Transcriptomes of dyt1-3 and related
bHLH mutants [23]

tapetum RNA-seq (PRJNA274726) Transcriptome of bhlh010, bhlh089 and bhlh091
mutant anthers [24]

tapetum RNA-seq
(PRJNA397413) The tapetal cells of Arabidopsis inflorescences
at stages 6–7 and 8–10 captured by laser microdissection and
pressure catapulting

[25]

silique pod RNA-seq (PRJNA314076) High resolution transcriptomic development
map of Arabidopsis thaliana based on RNA-seq [20]

guard cells microarray (PRJNA253729/GSE58857) A transcriptional map following the
developmental trajectory of the Arabidopsis stomatal lineage [26]

guard cells RNA-seq
(PRJNA484636/GSE118137) Cell-type specific transcriptome
and histone modification dynamics during in situ cellular
reprogramming in the Arabidopsis stomatal lineage

[27]

Trichome microarray (PRJNA112417/GSE14053) Expression data from trichomes and
pavement cells [28]

V. vulnificus inf. RNA-seq (PRJNA261035/GSE61418) Gene expression profiling study by
RNA-seq in Arabidopsis thaliana infected by Vibrio vulnificus [29]

A.brassicicola inf. RNA-seq (PRJNA326102/GSE83478) Alternaria brassicicola infection
regulates miRNAs in Arabidopsis thaliana unpublished

F.oxysporum inf. RNA-seq (PRJNA350767) RNAseq analysis of med18 and med20 roots
infected with Fusarium oxysporum [30]

TCV inf. RNA-seq (PRJNA336058/GSE85067) Comparative transcriptome analysis
of TCV-infected wildtype and dcl1-9 mutant Arabidopsis thaliana [31]

endoredupli. RNA-seq (PRJNA551314) Arabidopsis thaliana Raw sequence reads [32]

endoredupli. RNA-seq
(PRJNA754597/GSE182115) Next Generation Sequencing
Facilitates Quantitative Analysis of wild-type (WT) and ERF4
transgenic plants (OE) Transcriptomes

[33]

endoredupli. RNA-seq
(PRJNA812776/GSE197898) Analyses of the transcriptional and
alternative splicing changes in mdf-1 in comparison to WT via
RNA sequencing

[34]

endoredupli. RNA-seq (PRJNA312524) Transcriptomic effects of the cell cycle regulator
LGO in Arabidopsis sepals [35]

endoredupli. microarray (PRJNA120927/GSE19261) Photoreceptor control of shoot
meristem activity and leaf initiation [36]
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2.8. Transcriptome Evidence of Biologically Stressed and Endoreduplicating Tissues

Stomata are among the epidermal sites most susceptible to microbial infection. There-
fore, given the potential role of SNc nucleases in guard cells and other cells highly exposed
to infection, such as root hairs and hydathodes, we explored whether these enzymes con-
tribute to plant responses to biotic stress. Such a role was hypothesized in our previous
work [12], based on microarray data indicating elevated SNc gene expression following
Pseudomonas infection. Analysis of currently available microarray and RNA-seq datasets
supports this hypothesis. In addition to further evidence linking AtCAN1 expression to
Pseudomonas infection, we observed increased expression of this gene in response to infec-
tion by other bacterial species, such as Vibrio vulnificus [29], as well as by fungi, including
Alternaria brassicicola and Fusarium oxysporum [30], and by Turnip crinkle virus—TCV [31]
(Figures 8A,B and S1E,F). Notably, the induction of AtCAN1 expression in plants infected
by F. oxysporum was significantly stronger in Arabidopsis med18 and med20 mutants than
in WT plants. Because mutations in MED18 and MED20 result in downregulation of
jasmonate-associated genes and upregulation of salicylic acid–associated pathogenesis-
related genes [30], these findings suggest that AtCAN1 is regulated predominantly via the
salicylic acid signaling pathway. It is worth noting that although AtCAN1 and AtCAN2
displayed distinct expression patterns in most previous analyses, both genes responded
similarly to the biotic stresses examined here.

 

Figure 8. Transcriptome-based analysis of AtCAN1 and AtCAN2 gene expression in response to
various pathogenesis-related stimuli. In each panel, two graphs show the expression of the genes
encoding AtCAN1 (above, yellow) and AtCAN2 (below, purple). All methodological and technical
details, including statistical test abbreviations, are as described in Figure 7. (A) Expression levels of
the studied genes in plants without (A.br−) and with (A.br+) infection by the pathogenic fungus
Alternaria brassicicola. (B) Expression levels of the studied genes in plants without (TCV−) and with
(TCV+) infection by Turnip crinkle virus (TCV). * p < 0.05; *** p < 0.001.

One of the most notable findings of this study was the detection of AtCAN1 promoter
activity in structures that do not appear to be directly associated with programmed cell
death (PCD), such as trichomes and stipules. Such small or transient plant structures are
rarely included in comprehensive transcriptomic analyses. Nevertheless, evidence for
high AtCAN1 expression in trichomes was identified. This is illustrated in Figure S1D,
which is based on data from a comparative transcriptomic analysis of cell sap derived from
trichomes and pavement epidermal cells [28]. Elevated expression of AtCAN1 in trichomes
is further supported by the results reported by Jakoby et al. [37], whose transcriptomic
analysis demonstrated that the gene encoding AtCAN1 ranks among the top 5% of the
most highly expressed genes in mature A. thaliana trichomes.
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Because a shared characteristic of A. thaliana structures, such as trichomes and stipules,
is endoreduplication, we examined whether SNc nuclease expression correlates with this
process. Analysis of multiple transcriptomic datasets derived from experiments in which
endoreduplication was induced revealed that this process was frequently associated with
increased expression of one or both SNc nucleases. Consistent with these observations,
analysis of transcriptomic data from studies of the Arabidopsis circadian clock [32] showed
that elevated AtCAN1 expression accompanies endoreduplication resulting from cell-cycle
alterations during differentiation induction in the VISUAL system (Figure 9A).

 

Figure 9. Transcriptome-based analysis of AtCAN1 and AtCAN2 gene expression in A. thaliana cells
with induced endoreduplication. In each panel, two graphs show the expression of the genes encod-
ing AtCAN1 (yellow) and AtCAN2 (purple). All methodological and technical details, including
statistical test abbreviations, are as described in Figure 7. (A) Correlation between AtCAN1 and At-
CAN2 gene expression levels and the endoreduplication process occurring as a result of differentiation
induction in the VISUAL system. Time intervals (from 0–8 to 72–80 h) denote the periods following
initiation of endoreduplication. (B) Expression levels of the nuclease genes in loss-of-function MDF1
mutants (dMDF) compared with wild-type (WT) plants. * p < 0.05; *** p < 0.001.

Consistent with this relationship, increased AtCAN1 expression was also observed in
response to genetic modifications that promote elevated endoreduplication levels. One such
example is the overexpression of ETHYLENE-RESPONSIVE ELEMENT BINDING FAC-
TOR 4 (ERF4) (Figure S1G). ERF4 functions as a positive regulator of endoreduplication by
acting as a transcriptional repressor of cell cycle–related genes. Plants overexpressing ERF4
have been shown to regulate cell size by modulating nuclear endopolyploidy levels [33].

A similar effect on AtCAN1 expression was observed in studies analyzing mdf1 loss-
of-function mutants (Figure 9B). MDF1 is a conserved splicing factor involved in the
downregulation of mitotic regulators, thereby modulating cell cycle progression. Loss of
MDF1 function is associated with growth defects and impaired entry into mitosis, which in
turn leads to increased endoreduplication [34].

The extent of endoreduplication is also influenced by LGO (LOSS OF GIANT CELLS
FROM ORGANS), which acts as an inhibitor of cyclin-dependent kinases (CDKs). Schwarz
and Roeder [35] demonstrated that LGO functions as a key transcriptional switch, directing
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specific gene expression programs during sepal development. Their study showed that
endogenous LGO regulates the transition to endoreduplication, thereby controlling the
balance between giant and small cells. Transcriptomic analyses of this developmental
process further revealed that LGO overexpression in sepals promotes the formation of
endoreduplicated giant cells. Consistent with this, transcriptomic datasets from this study
indicate that increased endoreduplication is accompanied by elevated AtCAN1 expression
(Figure S1H).

Evidence for a correlation between AtCAN1 expression and endoreduplication is also
provided by experimental studies in which this process was induced by environmental
conditions [36]. This relationship was demonstrated in an experiment showing increased
levels of endoreduplication in cotyledon cells maintained under dark conditions, compared
with the control consisting of seedlings grown under light conditions (Figure S1I).

To independently validate our SNc gene expression results, we also used data from
the Arabidopsis Developmental Atlas Viewer [38]. This resource provides comprehensive
transcriptomic coverage across the entire life cycle of A. thaliana. The atlas is based on large-
scale single-nucleus RNA sequencing (snRNA-seq) of whole tissues sampled at multiple
developmental stages, including seeds, seedlings, rosettes, stems, flowers, and siliques.
Transcriptomes from over 400,000 quality-filtered nuclei were clustered into distinct cell
types using unsupervised clustering of snRNA-seq expression profiles. This database
enables systematic comparison of gene expression levels across cell types and analysis
of expression dynamics across developmental stages within a given Arabidopsis organ.
Moreover, an important advantage of these data is that they allow direct comparison of
expression patterns of different genes within the same tissue or cell type.

Transcriptomic analysis of six-day-old seedlings revealed relatively high AtCAN1
expression among cells annotated as vascular. It should be noted that, because mature
xylem cells are dead and mature phloem cells are transcriptionally inactive, the term
vascular refers here exclusively to early developing xylem and phloem cells, as well as
to vascular cell types that retain metabolic activity, such as procambium, cambium, and
companion cells. In six-day-old seedlings, AtCAN1 expression was also markedly higher
in trichomes and trichoblasts compared with the other samples (Figure 10A). Consistent
results were obtained from analyses of 12-day-old seedlings, in which the highest AtCAN1
expression level was likewise observed in xylem and trichoblasts (Figure 10B).

At the subsequent developmental stage, represented in the Arabidopsis Developmen-
tal Atlas by 21-day-old rosette leaves, elevated AtCAN1 activity remains detectable in
trichomes and is also observed in cell populations classified as guard and stomatal lineages
(Figure 10C). A partial increase in AtCAN2 gene expression was likewise detected in these
cell types. In fully mature 30-day-old rosette leaves, a decrease in SNc gene activity is
evident in guard cells, which is likely attributable to the completion of cell differentiation
and the consequent cessation of protein accumulation encoded by both genes. In contrast,
at this developmental stage, companion cells, which are a component of the vascular tis-
sue, exhibited relatively high AtCAN1 expression and slightly lower AtCAN2 expression
(Figure 10D).

In another plant organ, flowers, AtCAN1 expression was detected in cells annotated as
vascular and, similarly to our GUS analyses, in the tapetum (Figure 10E). Furthermore, in
siliques, a pronounced increase in AtCAN1 gene expression was observed during organ
senescence, and its highest expression levels were recorded in cells defined as xylem
(Figure 10F). It should be noted, however, that marker genes used in this database for
xylem cell annotation, such as IRX3/CESA7, also play an essential role in the lignification
of the endocarp of the silique valve [39,40]. Therefore, cells of this tissue are likely also
annotated as xylem cells.
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Figure 10. Expression of AtCAN1 (AT3G56170) and AtCAN2 (AT2G40410) based on single-nucleus
RNA-seq data from the Arabidopsis Developmental Atlas [38]. Heat maps show the percentage
of nuclei with detectable transcript levels across annotated cell types at six developmental stages:
(A) Seedling 6 days, (B) Seedling 12 days, (C) Rosette 21 days, (D) Rosette 30 days, (E) Flower, and
(F) Silique. Color intensity (viridis scale, 0% to stage-specific maximum) represents the percentage of
nuclei per cell type in which expression was detected. Numbers within each cell indicate the mean
normalized expression value for the respective gene and cell type. Color scales are independently
normalized per panel (dynamic range and scale on the right). Cell type annotations follow the
classification of the original atlas.

In summary, data from the Arabidopsis Developmental Atlas largely confirm the
key observations from our GUS reporter assays, which indicated AtCAN1 expression in
trichomes, guard cells, tapetum, vascular elements, and senescing siliques. Importantly, a
novel finding of particular relevance to the discussion of AtCAN1 nuclease function is that,
within vascular tissues, this protein is not only involved in xylem maturation but is also
associated with the functioning of companion cells. The transcriptomic data analyzed here
further support our general observation that, in most of the examined organs, expression
of the gene encoding AtCAN2 is considerably less tissue-specific than that of AtCAN1.

2.9. Phenotypic Analysis of atcan1 Insertion Mutant Lines

Among members of the SNc gene family, only the phenotype of A. thaliana plants carry-
ing a mutation in the AtCAN2 nuclease gene has been described to date. These plants were
reported to exhibit enhanced tolerance to salt stress and reduced H2O2 accumulation [41].
Therefore, in the present study, we investigated the effects of AtCAN1 loss of function on
plant phenotypic traits. To this end, seeds of a T-DNA insertion line carrying a mutation
within the small fifth intron of the AtCAN1 gene were obtained from the SALK collection.
Homozygous plants derived from this line were compared with wild-type A. thaliana
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ecotype Columbia-0 (Col-0, WT). The most prominent phenotypic alteration observed in
the atcan1 mutant was a marked difference in rosette development. To validate this effect,
the total rosette leaf area was quantified in 30-day-old plants. As shown in Figure 11, a
statistically significant difference (p < 0.001) in rosette size was detected between the atcan1
mutant and wild-type plants.

 

Figure 11. Rosette phenotype of wild-type and AtCAN1 mutant plants. (A) Representative rosette
images of wild-type (WT, top) and can1 mutant (bottom) plants at 30 days after germination (DAG).
(B) Quantification of total rosette leaf area. Bars represent mean ± SEM; individual data points show
biological replicates (n = 28 per genotype). Statistical significance was determined by Welch’s t-test
(*** p < 0.001).

3. Discussion
3.1. Association of AtCAN1 and AtCAN2 Nuclease Expression with Tissues Regarded as Classical
Models of Programmed Cell Death

Plant development is closely associated with programmed cell death (PCD), with
DNA degradation representing one of its key hallmarks. To date, research in this area has
focused primarily on the role of nucleases belonging to the S1/P1 family. However, given
the complexity of PCD at both the molecular and histological levels, multiple nucleases
likely participate in these processes. During a survey of the A. thaliana genome for genes
encoding degradative nucleases, we found that, in addition to members of the S1/P1
family, A. thaliana also encodes two nucleases belonging to the SNc family. Previous studies
have shown that, in bacteria, members of this family participate in various degradative
processes [16,17]. Our earlier studies on plant representatives of this family confirmed the
degradative nature of these enzymes, and analysis of publicly available microarray datasets
suggested that they may be involved in specific types of plant PCD [12]. The expression
profile of the CrCAN gene from Citrus reticulata also supports the hypothesis that this gene
family is involved in PCD [13,14].

To test this hypothesis, we performed histochemical analyses, considering GUS re-
porter assays to be particularly informative in this context. To minimize the possibility of
technical artifacts that may occasionally accompany the GUS technique, we compared our
observations with results from numerous transcriptomic studies using publicly available
RNA-seq and microarray datasets. This analysis confirmed the validity of the observations
obtained from our GUS-based experiments.
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The results presented here demonstrate that the expression of AtCAN1, and in some
cases also AtCAN2, is tissue-specific. The observed cases of their induction can be grouped
into three main categories.

The first of these categories includes plant structures that are regarded in the scientific
literature as representative examples of tissues undergoing PCD, such as the root cap,
vascular bundle elements, senescent leaves, tapetum, and maturing seed pod. Among
vegetative plant organs, the root cap is a classic example of a structure undergoing PCD. As
the root grows and pushes through the soil, the outermost layer of the root cap, the lateral
root cap cells (LRC), is subject to mechanical damage. Therefore, to protect the delicate
apical meristem, these cells regularly undergo programmed cell death [42]. Because the
GUS signal we observed closely correlates with the LRC, we assume that the AtCAN1
nuclease is involved in PCD in this tissue. The correlation of GUS activity with the vascular
bundles of the root, stem, and leaves also suggests a link between AtCAN1 and PCD, as
xylogenesis in these cells represents another well-established example of programmed
cell death.

Our research also demonstrated that the GUS signal appears in the terminal phase
of tapetum development, which has been described as the best-studied PCD process in
flowers. During PCD, the tapetum releases enzymes, lipids, and nutrients that contribute
to pollen grain formation. Our observations further revealed that the GUS marker driven
by the AtCAN1 promoter also follows this pattern. At later stages, as flower development
progresses into seed formation, the GUS signal appeared two additional times. The first
occurrence was in the transmitting tissue of the pistil style. Programmed cell death occurs
in the transmitting tract around the time of pollination and facilitates the penetration of
the pollen tube into the ovarian chamber. Moreover, it is believed that components of
this tissue provide nutritional support to the pollen tube [43]. The final stage associated
with seed formation, during which AtCAN1 is expressed, occurred in the silique coats. As
in the previous cases, the presence of PCD in the siliques was experimentally confirmed.
This process is linked to silique valve dehiscence, which enables seed release. Silique cell
death is commonly classified as a form of PCD-related senescence. It is accompanied by
expression of the SAG13 gene, which is widely used as a marker for diverse processes
associated with PCD [44].

The final and most compelling evidence for the involvement of the AtCAN1 nuclease
in PCD is the activation of its gene in senescent leaves. This process, visibly manifested
by progressive yellowing from the leaf margins toward the center, is one of the best-
characterized forms of PCD in plants. Our observations demonstrate that the senescent
area precisely coincides with the region of AtCAN1 gene expression. During this process,
gene expression shifts from pathways promoting photosynthesis and growth to those
associated with degradation and recycling. This enables the plant to recover valuable
nutrients (e.g., nitrogen and phosphorus from nucleic acids) and redistribute them to
newly developing tissues or reproductive organs [45]. The involvement of the AtCAN1
nuclease in the redistribution of DNA degradation products is further supported by the
high expression level of its gene in companion cells at the late rosette stage, as these cells
are specialized in the active transport of metabolites into sieve tubes.

3.2. Association of Plant SNc Nucleases with Plant–Environment Interface

The second category of cases in which we identified AtCAN1 promoter activity in-
volves cells whose primary biological function is plant communication with the external
environment. This group includes root hairs, stomatal guard cells, and hydathodes. Be-
cause these cells are particularly vulnerable to pathogens under natural conditions, they
have evolved various protective mechanisms. Studies have shown that one of the main
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mechanisms employed by these structures is hypersensitive response (HR)-associated
cell death [46–51]. In cells capable of HR, proteins involved in pathogen defense are pre-
synthesized and maintained in a state ready for rapid activation, ensuring an immediate
response to pathogen attack. Confirmation of the association of SNc genes with the re-
sponse to biological stress is also provided by transcriptomic analyses, which show that the
expression levels of these genes increase in other tissues following bacterial, fungal, and
viral infections. Since, in known cases of HR, a rise in nucleolytic activity is observed, ac-
companied by host DNA degradation [29], we assume that the AtCAN1 gene is involved in
this process. Moreover, it cannot be excluded that the activity of SNc nucleases in infection-
exposed cells may target pathogen-derived genetic material, as has been demonstrated for
PR-10 ribonuclease [52,53].

3.3. Association of Plant SNc Nucleases with Endoreduplication

A significant and unexpected finding of our study was the intense and highly specific
expression of the AtCAN1 promoter in a third group of plant structures, including stipules,
trichomes, and the basal parts of the hypocotyl in early seedlings, as well as AtCAN2
promoter activity in stipules. According to current knowledge, these structures, unlike
the previously mentioned ones, are not subject to developmentally or environmentally
induced programmed cell death in plants. Therefore, the presence of SNc nucleases in
these structures cannot be explained by these processes. Instead, their expression might be
associated with a shared feature of these structures—the occurrence of endoreduplication
in their cells [54–56]. The involvement of the AtCAN1 gene in endoreduplication is also
supported by our transcriptomic data, which show a clear upward trend in its expression
during induced endoreduplication.

Endoreduplication is a process that has long been observed in various tissues of higher
plants. It results in endopolyploidy through repeated rounds of DNA synthesis uncoupled
from cell division and is restricted to specific, terminally differentiated cells. The primary
biological consequences of endoreduplication are cell enlargement and enhanced metabolic
capacity, as the presence of multiple gene copies enables increased transcriptional activity.
This functional interpretation is consistent with the frequent occurrence of endoreduplica-
tion in storage tissues, such as the endosperm of monocotyledons and the cotyledons of
dicotyledonous plants, as well as in various secretory cells, including glandular trichomes.
Although Arabidopsis trichomes are not classified as glandular, they also produce and
accumulate specific secondary metabolites, mainly flavonoids, phenolics, and stress-related
proteins [57]. By contrast, the presence of polyploidy in seedling stipules remains less
readily explained. In A. thaliana, stipules are small, leaf-like structures located at the base
of the leaf petiole and, unlike in many other species, do not play significant protective or
mechanical roles. It has been suggested that polyploidy in these organs results from an
endoreduplication-dependent mechanism that constrains tissue size [58].

However, regardless of the biological role of polyploidy, a question arises: what
ultimately happens to the DNA accumulated in polyploid cells? Nucleic acids contain
considerable amounts of nitrogen and phosphorus, which are well known to be limiting
factors for plant growth due to their restricted availability in the environment. It is therefore
widely accepted that the nucleolytic activity accompanying PCD in plants recycles these
essential elements from dying cells. This raises the question of whether mechanisms exist to
recover DNA components from polyploid cells once they have fulfilled their role as carriers
of genetic information. Such a mechanism is likely to operate in the endosperm of monocot
seeds, where strong nucleolytic activity has been observed during the mobilization of stored
reserves [5,59]. Nevertheless, no evidence of DNA recycling from living polyploid cells has
been reported to date. In this context, our observation of SNc nuclease promoter activity in
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Arabidopsis polyploid cells is consistent with the hypothesis that plants may perform this
type of recycling. Notably, because stipules, trichomes, and lower parts of the hypocotyl are
not classical storage organs such as endosperm or cotyledons, the presumed degradation of
polyploid DNA in these structures may represent a hitherto unidentified form of nutrient
recycling. At this point, it is conceivable that polyploidy serves as a mechanism for storing
components required for nucleic acid synthesis in growing leaves. Such a role could help
to explain the activation of SNc nucleases observed in structures such as seedling stipules
at the base of developing leaves.

3.4. Functional Relationships Between Nucleases from the SNc and S1/P1 Families

The restricted expression pattern of AtCAN2, detected by GUS staining primarily in
stipules and hydathodes, with only modest and often non-significant changes in the bulk
transcriptomic datasets, is strikingly different from the broad and robust expression of
AtCAN1. Both genes share substantial sequence similarity, but their divergent expression
profiles suggest that the two paralogs have undergone subfunctionalization. The single-cell
RNA-seq data reinforce this interpretation: whereas AtCAN1 shows clear enrichment in
vascular and companion cells across multiple developmental stages, AtCAN2 expression is
low and diffusely distributed, without strong cell-type specificity. The expression pattern
indicates that AtCAN2 retains a residual role in PCD-related DNA degradation in a narrow
set of contexts. Notably, the tissues in which AtCAN2 expression was detected—stipules
and hydathodes—are sites where it is co-expressed with AtCAN1, suggesting that both
paralogs may participate in the same processes: protection against pathogens in hydath-
odes and utilization of polyploid DNA in stipules. This co-expression pattern, together
with the demonstrated involvement of the homologous CrCAN nuclease in PCD-related
DNA degradation in secretory cavities of Citrus grandis ‘Tomentosa’ [13,14,60], supports a
conserved role for SNc family members in tissue-specific nucleic acid turnover. However,
beyond these shared expression domains, AtCAN2 appears to have diverged from AtCAN1
in its responsiveness to environmental cues. Sui et al. [41] demonstrated that AtCAN2, but
not AtCAN1, is transcriptionally responsive to salt stress. Conversely, in the pathogen
infection datasets analyzed here, AtCAN1 showed significant upregulation upon challenge
with V. vulnificus, A. brassicicola, TCV, and F. oxysporum, whereas AtCAN2 responses were
generally weaker and less consistent (Figures 8 and S1E,F). Taken together, these observa-
tions suggest that AtCAN2 may have been co-opted primarily for abiotic rather than biotic
stress responses.

The relationship presented in this paper between SNc nuclease expression and pro-
grammed cell death indicates that at least two nuclease families, SNc and S1/P1, participate
in genomic DNA degradation during this process. It is instructive to compare the tissue
expression profiles of the SNc nucleases with those of the BFN1 protein, the best-studied
representative of the S1/P1 family [10]. This comparison shows that nucleases of both fam-
ilies are expressed in senescent leaves, differentiating xylem, degrading tapetum, siliques,
valves, and the transmitting tract. Interestingly, AtCAN1 is also expressed in the root cap,
a classic example of a tissue undergoing PCD, in which BFN1 expression has not been
reported despite comprehensive studies of its promoter. Conversely, BFN1 expression was
detected in several tissues in which AtCAN1 expression was not observed, such as the ab-
scission zone, developing seed, and senescing petals. These analyses indicate that nuclease
expression from both gene families overlaps in some classical PCD tissues, while retaining
individual specificity in others. Notably, BFN1 expression was not detected in cells we
considered potentially susceptible to HR-PCD due to their high exposure to pathogens,
such as root hairs, stomata, and hydathodes. Moreover, a specific feature of AtCAN1 and
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AtCAN2 is their occurrence in polyploid cells, as BFN1 expression has likewise not been
observed in these elements to date.

Comparison of the expression patterns of SNc family proteins with those of BFN1 raises
the question of whether any functional interdependence exists between these nucleases.
Analysis of the mechanisms by which they operate within the cell may help address this
issue. In young leaves, BFN1 was localized to filamentous reticulum-derived structures
surrounding the nuclei, whereas in senescing cells it was detected within fragmented
nuclei. This localization pattern supports the proposed role of BFN1 as a genomic DNA-
degrading enzyme involved in senescence [10]. By contrast, our previous studies have
shown that the nucleases described in this work, AtCAN1 and AtCAN2, are localized to
the plasma membrane and exhibit partial homology to certain periplasmic components
of bacterial ABC-type transporters. It is worth noting that the membrane localization of
nucleases involved in PCD in plants has not been reported previously. We propose, as a
working hypothesis not yet supported by direct experimental evidence, that SNc nucleases
may couple DNA degradation at the plasma membrane with extracellular transport of
breakdown products, drawing an analogy with their bacterial homologues [61], but direct
testing in a plant context will require biochemical characterization of substrate access,
product identity, and transporter activity under physiological conditions. If substantiated,
nucleases from these two families would represent distinct yet complementary mechanisms
of nucleolytic activity in the cell. Thus, nucleases from these two families appear to
represent distinct roles in the cell. Their coexpression can therefore be interpreted as a
form of cooperation, in which both types of activities complement each other. However,
the question of whether SNc nucleases can function independently of S1/P1 nucleases
remains unresolved, since among the known S1/P1 nucleases, only the expression profile
of BFN1 has been characterized. At the same time, this family in A. thaliana comprises four
additional genes [11] whose biological functions remain to be determined.

Results presented suggest that the general function of SNc nucleases is to enhance
the efficiency of utilization of DNA degradation products from different tissues at various
stages of plant development. This hypothesis is consistent with the analysis of AtCAN1
mutant phenotypes, which showed that plants lacking the AtCAN1 protein exhibit reduced
growth parameters, possibly due to impaired redistribution of nucleic acid building blocks.
However, alternative explanations cannot be excluded. The strong vascular expression of
AtCAN1 raises the possibility that the growth phenotype reflects compromised vascular
function—including reduced nutrient or hormone transport—rather than a direct effect on
nucleotide salvage. Additionally, xylem differentiation involves programmed cell death,
and impaired clearance of nuclear debris in developing xylem elements could indirectly
affect vascular conductivity. Determining the precise mechanism linking AtCAN1 loss to
reduced leaf growth will require detailed cytological analysis of atcan1 leaves and other
organs, including measurements of cell number and cell size, as well as metabolomic
profiling of nucleotide and nucleoside pools. In particular, given the correlation between
AtCAN1 expression and endoreduplication observed in this study, it would be important
to investigate whether endoreduplication-dependent processes in leaf cells contribute
to the observed reduction in growth. Generation of atcan1/atcan2 double mutants and
crosses with S1/P1-type nuclease mutants would further clarify the extent of functional
redundancy among DNA degradation pathways that contribute to plant growth.
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4. Materials and Methods
4.1. Generation of AtCAN1/AtCAN2 Promoter::GUS Gene Fusion Constructs and Preparation of
Transgenic Plants

To generate the AtCAN1 and AtCAN2 promoter::GUS gene fusions, the binary vector
pCAMBIA3301 (CAMBIA, Black Mountain, Australia) was modified by removing the
CaMV 35S sequence. This was achieved by excision of the promoter using the restriction
enzymes PstI and NcoI, followed by end-blunting and plasmid recircularization, resulting
in a construct retaining only the multiple cloning site and the GUS gene.

To obtain the promoter sequences of the AtCAN1 and AtCAN2 genes from A.
thaliana genomic DNA, nested PCR was performed. The promoters were defined as
the complete intergenic regions between the AtCAN1 and AtCAN2 loci and their re-
spective upstream genes, as defined by the TAIR10 genome annotation, and were
selected to minimize the risk of excluding relevant cis-regulatory elements. In the
first stage, primers anchored in genomic regions flanking the target sequences were
used. A 2.9 kb DNA fragment encompassing the AtCAN1 promoter [At3g56170]
was PCR-amplified with forward primer 5′-CACAGCAAGAGCAAGAGCAG-3′ and re-
verse primer 5′-AGACGCCGTGAGAATTCAAG-3′. Similarly, a 1.8 kb DNA fragment
containing the AtCAN2 promoter [At2g40410] was amplified with forward primer 5′-
GGTGAGCAAGCAAAGAGGTC-3′ and reverse primer 5′-GCACAAATGAAAGCAGCAG
A-3′. In the second stage, the promoter sequences were amplified from purified first-round
PCR products using primers carrying restriction enzyme recognition sites to facilitate
cloning into the modified pCAMBIA3301 plasmid. The AtCAN1 promoter was amplified
with EcoRI-forward primer 5′-AAAgaattcCTGAATTGGCAATATGATAAG-3′ and XbaI-
reverse primer 5′-CCCtctagaTTCTTAGATTTGATTTTCAAC-3′ primers, while the AtCAN2
promoter was amplified with SacI-forward primer 5′-AATgagctcGTATGGTGATGCGCGGT
GC-3′ and XbaI-reverse primer 5′-CCCtctagaCTTTCACCCAATTTCAGGGAATC-3′.

Following purification, the PCR products were digested with the corresponding
restriction enzymes and ligated into the modified pCAMBIA3301 vector digested with
the same enzymes. The ligation mixtures were used to transform E. coli DH5α. After
Sanger sequencing confirmed positive colonies, the resulting plasmids were introduced
into Agrobacterium tumefaciens GV3101 by the freeze–thaw method for subsequent stable
transformation of A. thaliana.

Stable transformation of A. thaliana plants with the AtCAN1/AtCAN2 promoter::GUS
constructs was performed using Agrobacterium tumefaciens-mediated transformation accord-
ing to the floral dip method [62]. Transformants were selected and analyzed to establish
stable transgenic lines containing the integrated GUS gene under the control of the respec-
tive nuclease promoter sequences. Homozygous lines were established, and T3 lines were
used for the experiments.

4.2. Plant Growth and Selection

For in vitro growth and selection of transformed plants, half-strength Murashige and
Skoog Basal Salt Mixture (MS) [Duchefa Biochemie, Haarlem, The Netherlands] solid
medium was used. The pH of the medium was adjusted to 5.6–5.7 using KOH before
adding Phytoagar [Sigma, St. Louis, MO, USA] to a final concentration of 0.8%, and the
medium was sterilized by autoclaving. After that, BASTA (glufosinate-ammonium) [Sigma
Aldrich, St. Louis, MO, USA] was added at a final concentration of 15 µg/mL as a selection
agent. Sterilized seeds were sown on plates and PhytoCon in vitro plant culture vessels,
subjected to vernalization for 48 h at 4 ◦C in darkness, then transferred to a phytotron and
grown at 22 ◦C under a 16 h/8 h light/dark cycle, with a light intensity of 120 µmol/m2/s,
and 70% relative humidity. Ten days after germination, Arabidopsis seedlings from selection
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plates were transferred to peat pellets [Jiffy Products, Zwijndrecht, The Netherlands] and,
together with plants in PhytoCon [PhytoTech Labs, Lenexa, KS, USA], continued growing
under the same conditions.

4.3. GUS Histochemical Staining

Reporter gene expression was visualized by in situ histochemical staining. Whole
seedlings, fragments, or organs (roots, stems, leaves, flowers, and siliques) were collected,
placed in chilled 90% acetone, and kept until all samples were collected. Samples were
then transferred to a 12-well plate (3.8 cm2 surface area per well) filled with staining buffer
(50 mM phosphate buffer, pH 7.2, 0.2% (w/v) Triton X-100, 0.25 mM potassium ferricyanide
(K3[Fe(CN)6]), 0.25 mM potassium ferrocyanide K4[Fe(CN)6], and 2 mM X-Gluc [Sigma
Aldrich, St. Louis, MO, USA] in dimethylformamide).

The plate was placed in a desiccator connected to a vacuum pump and operated in
5 cycles, consisting of 10 min of vacuum generation followed by 3 min of incubation without
vacuum. Successful infiltration was confirmed operationally when all plant fragments
sank immediately upon release of vacuum and did not float during the incubation phase, a
reproducible endpoint consistent with full buffer penetration of intercellular spaces.

The tightly sealed plate was then incubated overnight at 37 ◦C in the dark with shaking
at 150 rpm. The following day, the staining buffer was removed, and samples were placed
in absolute ethanol and incubated at 37 ◦C with shaking, with the solution replaced every
30 min until chlorophyll was completely removed and the tissues became transparent.
Stained samples were observed using a Zeiss SteREO Lumar [Zeiss, Jena, Germany]. V12
and Zeiss AxioScope 2 Plus with ZEN 2.6 software.

For the sectioning, samples were embedded in LR White Acrylic Resin [Sigma-Aldrich,
St. Louis, MO, USA]. Samples were incubated for 24 h in solutions with gradually increasing
resin concentrations. The process began with a solution of 3 parts resin and 1 part absolute
ethanol. After 12 h, samples were transferred to a 1:1 resin/absolute ethanol solution, and
after another 12 h, to a 3:1 resin/absolute ethanol solution. Subsequently, samples were
incubated in resin containing a catalyst (1.88 g/100 g resin) for 24 h, replacing the resin
solution halfway through. Finally, samples were placed in gelatin capsules, covered with
resin and catalyst solution, sealed, and polymerized at 55 ◦C for 24 h. Embedded samples
were sectioned at 2 µm thickness using a glass knife on a rotary microtome. Sections were
collected onto glass slides, air-dried at room temperature for 6 h, and observed directly
without further staining under a Zeiss AxioScope 2 Plus microscope [Zeiss, Jena, Germany]
equipped with bright-field optics. Approximate scale bars were calculated by measuring
structures of known dimensions in each panel and computing the pixel size from these
references. All scale bars are therefore estimates.

4.4. In Silico Analysis of Transcriptomic Datasets

In silico analyses of gene expression patterns were performed using publicly available
transcriptomic datasets obtained from the Plant Public RNA-seq Database (PPRD; https:
//plantrnadb.com/) [63] and the NCBI Gene Expression Omnibus (GEO; https://www.
ncbi.nlm.nih.gov/geo, accessed on 2 February 2026). All transcriptomic projects included
in this study are listed in Table 1.

RNA-seq expression data were retrieved from the Arabidopsis RNA-seq Database,
a component of PPRD (https://plantrnadb.com/athrdb/, accessed on 2 February 2026),
which integrates high-throughput RNA sequencing (RNA-seq) datasets from multiple
independent studies. Gene expression levels were obtained as FPKM (Fragments Per
Kilobase of transcript per Million mapped reads) values provided directly by the database.
No additional normalization or reprocessing of RNA-seq data was performed.
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Microarray datasets were identified and selected using the NCBI Gene Expression
Omnibus (GEO) repository. Only processed and normalized expression data provided by
the original authors were used in this study. When applicable, expression values were
accessed via the GEO2R web-based analysis tool (https://www.ncbi.nlm.nih.gov/geo/
geo2r/, accessed on 2 February 2026) using default settings. The values used for further
analysis represent normalized probe signal intensities, and no additional normalization
was applied.

For each selected experiment, expression values from the available biological replicates
(typically two to four, depending on the dataset) were collected and exported as CSV files.
Data processing, statistical analysis, and visualization were performed using a custom R
script (4.5.1) employing the tidyverse (2.0.0) and ggplot2 (4.0.3) packages. Mean expression
levels and standard error of the mean (SE) were calculated for each condition. Error bars
presented in the figures correspond to the SE. Individual replicate values are overlaid on
each bar as data points.

Statistical comparisons were performed depending on the experimental design: the
Jonckheere–Terpstra test (J-T) implemented via the clinfun package (1.1.5), 10,000 permuta-
tions were applied to datasets with ordered conditions from developmental or infection
time-course experiments, the Wilcoxon rank-sum test was used for pairwise comparisons
against a wild-type control when at least one group had only two replicates, and one-way
ANOVA was applied for multi-group comparisons with adequate sample sizes. Signifi-
cance thresholds were set at p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). For experiments
with insufficient sample size (<2 or <3, depending on the experimental design and the
appropriate statistical test), values were presented only as graphs, formal statistical testing
was applied but results should be interpreted as indicative trends, as adequate statistical
power cannot be achieved.

The sizes of the original graphs and the font sizes of their labels were adjusted in
CorelDRAW (Graphic Suite 2018) to match the final dimensions of the individual panels.

4.5. Analysis of AtCAN1 and AtCAN2 Expression in Single-Nucleus RNA-Seq Atlas Data

To examine the cell-type-resolved expression patterns of AtCAN1 and AtCAN2 across
Arabidopsis development, we utilized publicly available single-nucleus RNA-seq data
from the Arabidopsis Developmental Atlas [38]. Processed datasets in .h5ad format were
downloaded for six developmental stages: seedling (6 days), seedling (12 days), rosette (21
days), rosette (30 days), flower, and silique, directly from the atlas portal (http://neomorph.
salk.edu:9000/, accessed on 5 November 2025). Data were loaded using Scanpy [64] in
Python (3.13.9). For each dataset, cell types annotated as “unknown” were excluded
globally; “dividing” cells were additionally excluded from the seedling 6-day and rosette
21-day datasets. For the silique dataset, embryo-associated cell types and the “younger
silique stress” cluster were excluded from the analysis.

For each developmental stage, expression matrices were extracted for AtCAN1 and
AtCAN2 and organized by annotated cell type. Two summary statistics were computed per
gene–cell type combination. First, the percentage of expressing nuclei was calculated as the
number of nuclei with a normalized count strictly greater than zero divided by the total
number of nuclei in that cell type. Second, the mean normalized expression was calculated
as the arithmetic mean of normalized counts across all nuclei in the cell type, including
nuclei with zero counts. These metrics were computed using the expression values as
stored in the atlas .h5ad files, which represent normalized (but not log-transformed) counts
as processed by the original authors. No additional normalization or transformation was
applied. Results were organized into per-stage summary tables and visualized as heat maps
using seaborn, with color intensity reflecting the percentage of expressing nuclei (viridis
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color scale, independently normalized per developmental stage to its maximum observed
value) and numerical annotations indicating the mean normalized expression value.

The sizes of the original graphs and the font sizes of their labels were adjusted in
CorelDRAW (Graphic Suite 2018) to match the final dimensions of the individual panels.

4.6. Source and Genotypic Verification of A. thaliana Mutant Line

A. thaliana ecotype Columbia (Col-0) was used as the wild type. The insertion mutant
line GABI_022B01 (SALK) was obtained from the Nottingham Arabidopsis Stock Centre
(NASC) as line CS402029. The presence of the wild-type allele was confirmed by PCR using
the LP primer 5′-TCCCACTGAATTCAAAACACC-3′ in combination with the RP primer
5′-GAAGCCTCCAGGCTTGTTATC-3′. The presence of the T-DNA insertion in the AtCAN1
gene (At3g56170) was verified using the RP primer together with the T-DNA BP primer
5′-ATAATAACGCTGCGGACATCTACATTTT-3′. Homozygous mutants were selected
in the F3 generation and confirmed by PCR genotyping. The absence of the full-length
AtCAN1 transcript in the homozygous line was confirmed by RT-PCR. Sterilized seeds
were sown in peat pellets [Jiffy Products, Zwijndrecht, The Netherlands], subjected to
vernalization for 48 h at 4 ◦C in darkness, then transferred to a phytotron and grown at
22 ◦C under a 16 h/8 h light/dark cycle, with a light intensity of 120 µmol/m2/s, and 70%
relative humidity. Plants were watered and fertilized daily with MS mineral solution.

4.7. Rosette Leaf Area Measurement

At 30 days after germination (DAG), 28 plants per genotype were photographed from
above on a dark background alongside a red calibration square (4 cm2). Rosette leaf area
was measured from digital images using the Easy Leaf Area software (v1) [65], which
measures the whole area of all visible rosette leaves. Statistical analysis was performed
using Welch’s t-test in R (4.5.1). For figure preparation, the red calibration square was
masked from representative images. No other image manipulations were performed.
Original unmodified images are available upon request.

5. Conclusions
The results presented here demonstrate that the expression of AtCAN1 and AtCAN2

genes is highly tissue-specific. All observed cases of expression, revealed by promoter-
driven GUS activity and transcriptomic analysis, fall into three main categories: (i) plant
structures that clearly represent organs undergoing PCD, (ii) elements whose primary
biological function is communication with the external environment and are therefore
susceptible to hypersensitive response-associated cell death, and (iii) in polyploid cells.
These results show that the involvement of SNc family nucleases in DNA degradation
during various forms of plant PCD is as widespread as the previously reported involve-
ment of S1/P1 proteins. In many cases, the expression profiles of nucleases from these
two families overlap, suggesting cooperative action during PCD. Since SNc nucleases are
plasma membrane proteins, whereas S1/P1 nucleases have been identified within nuclei,
they appear to represent distinct yet complementary mechanisms of nucleolytic activity in
the cell. Furthermore, we demonstrate that AtCAN1 and AtCAN2 are specifically expressed
in organs characterized by endoreduplication, including stipules, trichomes, and the basal
hypocotyl. This expression pattern is consistent with, but does not yet prove, a role in the
redistribution of polyploid DNA building blocks—a hypothesis that will require genetic
and biochemical validation in future work.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms27125408/s1.
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