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Abstract
Main conclusion  Autophagy is involved in developmentally programmed cell death and is identified during the early 
development of phloem, as well as xylem with a dual role, as both an inducer and executioner of cell death.

Abstract  The regulation of primary and secondary development of roots and stems is important for the establishment of 
root systems and for the overall survival of trees. The molecular and cellular basis of the autophagic processes, which are 
used at distinct moments during the growth of both organs, is crucial to understand the regulation of their development. To 
address this, we use Populus trichocarpa seedlings grown in a rhizotron system to examine the autophagy processes involved 
in root and stem development. To monitor the visual aspects of autophagy, transmission electron microscopy (TEM) and 
immunolocalization of AuTophaGy-related protein (ATG8) enabled observations of the phenomenon at a structural level. 
To gain further insight into the autophagy process at the protein and molecular level, we evaluated the expression of ATG​ 
gene transcripts and ATG protein levels. Alternations in the expression level of specific ATG​ genes and localization of 
ATG8 proteins were observed during the course of root or stem primary and secondary development. Specifically, ATG8 
was present in the cells exhibiting autophagy, during the differentiation and early development of xylem and phloem tissues, 
including both xylary and extraxylary fibers. Ultrastructural observations revealed tonoplast invagination with the formation 
of autophagic-like bodies. Additionally, the accumulation of autophagosomes was identifiable during the differentiation of 
xylem in both organs, long before the commencement of cell death. Taken together, these results provide evidence in support 
of the dual role of autophagy in developmental PCD. A specific role of the controller of cell death, which is a committed 
step with the release of hydrolytic enzymes from the vacuole and final digestion of protoplast, from which there is no return 
once initiated, is only attributed to mega-autophagy.
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Abbreviations
ATG/ATG​	� Autophagy-related genes/proteins
dPCD	� Developmentally programmed cell death
TEM	� Transmission electron microscope

Introduction

Autophagy, as an intracellular process responsible for the 
degradation of macromolecules, whole cytoplasmic com-
partments, and organelles, is perhaps best known for its 
participation in the process of eliminating dysfunctional, 
damaged, or toxic components from cells (Yoshimoto 
2012). During several tissue development, autophagy can 
be engaged in proper vacuole biogenesis (Inoue et al. 2006; 
Yano et al. 2007). It occurs constitutively during formation 
of both cortical tissue (Yano et al. 2007) and sieve elements 
of phloem (Yang et al. 2015), but does not lead to cell death. 
The dual nature of autophagy causes on one hand the appro-
priate functioning of every living plant cell, but on the other 

 *	 Agnieszka Bagniewska‑Zadworna 
	 agabag@amu.edu.pl

1	 Department of General Botany, Institute of Experimental 
Biology, Faculty of Biology, Adam Mickiewicz University, 
Uniwersytetu Poznańskiego 6, 61‑614 Poznań, Poland

2	 Department of Virology and Bacteriology, Institute of Plant 
Protection-National Research Institute, Wł. Węgorka 20, 
60‑318 Poznań, Poland

http://orcid.org/0000-0003-2828-1505
http://crossmark.crossref.org/dialog/?doi=10.1007/s00425-019-03265-5&domain=pdf


1790	 Planta (2019) 250:1789–1801

1 3

hand it is also involved in initiating a program of cellular 
degradation during programmed cell death (PCD).

Programmed cell death occurs during the course of devel-
opmental processes (dPCD) and also in response to exog-
enous factors (Kacprzyk et al. 2011). Autophagy is a part of 
a highly regulated response to adapt to and survive adverse 
abiotic stress conditions (Han et al. 2011; Luo et al. 2017; 
Shangguan et al. 2018; Pillajo et al. 2018), biotic stresses 
(Liu et al. 2005; Hayward et al. 2009; Lenz et al. 2011a; 
Zhou et al. 2014), and senescence (Avila-Ospina et al. 2014; 
Sobieszczuk-Nowicka et al. 2018; Wojciechowska et al. 
2018). It can occur in the whole organism, a specific tissue, 
or in single cells. The most relevant studies of autophagy 
during development concern xylogenesis, where structural 
and biochemical evidence of the role of dPCD in tracheary 
formation have been provided in Zinnia elegans suspension 
cultures that were forced to transdifferentiate into tracheary 
elements (Fukuda et al. 1993, 1998; Fukuda 1996, 2000, 
2004; Kuriyama and Fukuda 2006) and later confirmed in 
planta for Arabidopsis (Avci et al. 2008; Kwon et al. 2010) 
and Populus (Courtois-Moreau et al. 2009; Bagniewska-Zad-
worna et al. 2012, 2014a). Only few studies on programmed 
cell semi-death of phloem sieve cells were performed in 
developing caryopsis of Titicum aestivum, indicating that 
selective autophagy can be involved in that developmen-
tal process which does not end with cell death (Wang et al. 
2008; Yang et al. 2015). Other studies of the role of dPCD 
have been conducted in relation to leaf morphogenesis 
(Gunawardena et al. 2004; Wertman et al. 2012), male repro-
ductive development in plants (Hanamata et al. 2014), and 
plant embryogenesis (Bozhkov et al. 2005; Di Berardino 
et al. 2018). As a result, the ultrastructural, physiological, 
and molecular changes associated with several developmen-
tal processes have been identified and described as being a 
typical autophagy connected with dPCD. Although it has 
been widely documented and described, the underlying 
mechanism of PCD has not been fully understood. Detailed 
evidence, however, with comparative studies for the role of 
autophagy in different plant organ development is lacking. 
Determining exactly when and how various components of 
autophagy may affect tissue development resulting from 
dPCD has not been documented.

The conceptual framework of dPCD is complicated by 
the fact that three types of autophagy are distinguished in 
plants, and their frequently overlooked plurality may affect 
our understanding of organ development because such varia-
tion can be caused through several independent mechanisms. 
Microautophagy is characterized by the occurrence of small 
portions of cytoplasm that are sequestered in a vacuole 
through tonoplast invagination, forming autophagic bodies 
within the vacuole. During macroautophagy, larger com-
partments are engulfed within a double-membrane structure 
called an autophagosome, which later transports its contents 

and merges with a vacuole for completion of the degrada-
tive process. Lastly, mega-autophagy is characterized by 
the permeabilization or rupture of the tonoplast, resulting 
in the release of substantial amounts of hydrolytic enzymes 
from the vacuole and subsequent degradation of the general 
cytoplasm (van Doorn and Woltering 2005; van Doorn and 
Papini 2013). Typically, more than one type of autophagy 
can occur within the same cell, with mega-autophagy occur-
ring after the two other types (Bagniewska-Zadworna et al. 
2012, 2014c).

The plurality of autophagic processes is often overlooked. 
As a result, macroautophagy is the most frequently studied, 
especially in the context of selective autophagy of particular 
components and the maintenance of homeostasis in plant 
cells (Li and Vierstra 2012; Masclaux-Daubresse 2016; 
Masclaux-Daubresse et al. 2017; Yoshimoto and Ohsumi 
2018). In plants, a principal characteristic of autophagy in 
PCD processes is its dual role as an initiator and executioner 
in PCD (Minina et al. 2014; Wojciechowska et al. 2018). 
Thus, its pro-survival and pro-death functions are recog-
nized (Avila-Ospina et al. 2014; van Doorn and Woltering 
2010). Previous studies have revealed the complexity of 
the molecular events underlying autophagosome forma-
tion (Han et al. 2011). Among genes encoding specific 
AuTophaGy (ATG)-related proteins, one subset, including 
ATG1 to ATG10, ATG12 to ATG14, and ATG16 to ATG18, 
is required, and the corresponding gene products are referred 
to as the core machinery for autophagosomes formation (Xie 
and Klionsky 2007; Han et al. 2011; Masclaux-Daubresse 
et al. 2017). The identification of many autophagy-related 
genes in plants has significantly enhanced our molecular 
understanding of the process of autophagy.

To date, formation and the occurrence of autophagic 
structures in plants were observed using transmission 
electron microscopy (TEM) (Bagniewska-Zadworna et al. 
2012; van Doorn and Papini 2013) and were detected by the 
immunolocalization of the ATG8 protein, which functions in 
autophagosome assembly by binding autophagic membranes 
and enters the vacuole via active autophagy flux (Ryabovol 
and Minibayeva 2016; Li et al. 2018). ATG8 could also con-
tribute to the diversification of selective autophagy pathways 
in plants (Kellner et al. 2017).

Advances in molecular technologies are providing oppor-
tunities to revisit autophagy functioning in plants. Studies 
combining both molecular and structural approaches in 
the study of autophagy in plants in a comparative manner, 
however, are relatively limited; especially with regard to 
the functioning of autophagy in developmental processes 
in different plant organs. Therefore, in the current study, 
the occurrence of autophagy during pioneer root and stem 
development in Populus trichocarpa was identified and ana-
lyzed, including several events related to primary and sec-
ondary root and stem development. To gain further insight 
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into autophagy during root and shoot development in P. 
trichocarpa, TEM and immunolocalization of ATG8 were 
used at a structural level, in addition to protein and transcript 
characterization at a molecular level. Given that develop-
mental studies of roots do not mirror analogous studies in 
stems, a comparison of their primary and secondary devel-
opment was important to take into account. For the present 
study, the overall objective was to increase our knowledge 
of the role and function of autophagy in the development of 
different plant organs and tissues, not only connected with 
cell death.

Materials and methods

Plant material and experimental design

All experiments utilized P. trichocarpa (Torr. & A. Gray 
ex Hook.), grown from seeds at the Institute of Dendrol-
ogy, Polish Academy of Sciences in Kórnik (52°14′40″N 
17°06′27″E). Seeds were obtained from the FLORPAK 
Młynki Seeds Store, Poland. Seedlings were initially grown 
in a plant growth chamber (Conviron GR96) at 18  °C 
day/14 °C night and a 16 h day/8 h night photoperiod. After 
3 months, plants were transferred into rhizotrons. The rhi-
zotrons (30 × 50 cm) were constructed of two transparent 
polycarbonate plates held 2–3 cm apart by thick-walled plas-
tic tubing to allow a wide growing space. Waterlogging was 
avoided by placement of a drainage hole in the bottom of the 
rhizotron, which permitted both soil aeration and drainage of 
excess water. The rhizotrons were placed in an underground 
chamber. Roots were grown in the clear-walled chambers 
that were filled with natural soil, while shoots were grown 
above the rhizotron in the air. Rhizotrons were installed in 
a semi-open, foil greenhouse to prevent flooding and heat 
stress. Pioneer roots in all of the experiments were divided 
into segments corresponding to their developmental stage as 
follows: 0–2 cm—root tips with apical meristem; 4–6 cm—
primary development; and, 13–16 cm—secondary devel-
opment. A similar classification of segments was used for 
stems: 0–2 cm—apical meristem with primary development; 
15–20 cm—secondary development; and, 30–35 cm—iso-
lated secondary xylem. Root tips were treated as a negative 
control for the process of xylogenesis, while isolated second-
ary xylem served as a positive control.

qRT‑PCR analysis of gene expression

RNA isolation was performed with a Ribospin Plant kit 
(GeneAll Biotechnology Co., Ltd, Seoul, South Korea) 
according to the manufacturer’s recommendations. Syn-
thesis of cDNA was performed using a High Capacity 
cDNA Reverse Transcription kit (Applied Biosystems, 

Thermo Fisher Scientific Inc., Waltham, MA, USA) fol-
lowing the protocol supplied by the manufacturer. qRT-
PCR was carried out using an SYBR Green Master Mix kit 
(Applied Biosystems) in a CFX96 Touch Real-Time PCR 
Detection System (Bio-Rad, Hercules, CA, USA) using 
the following amplification program: denaturation by a hot 
start at 95 °C for 10 min, 40 cycles of a two-step program 
(denaturation at 95 °C for 15 and annealing/extension at 
60 °C for 1 min). ACTIN, UBQ (ubiquitin) and 18S rRNA 
were selected as housekeeping genes and for normaliza-
tion of expression values, because they exhibited the low-
est sample to sample variation and high stable expression 
in all samples types and time points. The sequences of 
the gene-specific primer pairs utilized in the qRT-PCR 
analyses are listed in Table 1. ATG​ genes which change in 
expression in the organs studied were selected for further 
analyses. Data analyses were performed according to the 
previously described method (Bagniewska-Zadworna and 
Stelmasik 2015). The average cycle threshold (Ct) values 
of the reference genes were subtracted from the corre-
sponding Ct value of each gene to obtain a Ct value, and 
the relative expression levels were calculated using the 
Ct method. All gene expression analyses were performed 
using three technical replicates of each of the three bio-
logical replicates of each experimental variant. Statisti-
cal analyses were performed using Statistica 10 software 
(StatSoft Poland Inc., Tulsa, OH, USA).

Table 1   Sequences of gene-specific primer pairs used in the RT-
qPCR analyses

Gene name Sequences of primer pairs

ACTIN F–5′GCC​CAG​AAG​TCC​TCT​TCC​AG-3′
R–5′-AAG​GGC​GGT​GAT​CTC​CTT​G-3′

UBQ F–5′-AGG​AAC​GCG​TTG​AGG​AGA​AG-3′
R–5′-TAT​AAG​CAA​AAA​CCG​CCC​CTG-3′

18S rRNA F–5′-AAT​TGT​TGG​TCT​TCA​ACG​AGGAA-3′
R–5′-AAA​GGG​CAG​GGA​CGT​AGT​CAA-3′

ATG7 F–5′-GGA​ATC​GAA​TTC​CTG​CTT​CA-3′
R–5′-TGT​CTC​ATC​ATC​CCA​GTC​CA-3′

ATG8C F–5′-TGC​CTG​TGT​TAC​GGA​TCT​TG-3′
R–5′-ACC​CCA​AAT​GTG​TTC​TCA​CC-3′

ATG8D F–5′-GCC​AAC​AGT​GAG​ATC​AGC​AG-3′
R–5′-GGG​ACT​TTG​TGA​GGT​GTG​CT-3′

ATG8G F–5′-CGT​TGC​CTC​AAA​CAG​CAA​GT-3′
R–5′-AGA​AAG​GAT​GAT​ACA​GCT​TAG​CCA​-3′

ATG8H F–5′-TAG​AGA​GGT​GGT​TGG​GTG​CT-3′
R–5′-CCT​GCT​TCT​GAC​CCT​TCT​TG-3′

ATG11 F–5′-AGA​GCT​GCT​TGA​CAA​GTA​CCCA-3′
R–5′-CTT​TCC​TTG​TTT​GCC​TGC​TTCT-3′

ATG18D F–5′-GAC​AAT​GAC​GAG​CCA​GGA​TT-3′
R–5′-AGA​GTT​CGA​GTG​GCT​GGA​GA-3′
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Protein extraction, gel electrophoresis, 
and immunoblot analysis

A phenol-based method was used for the extraction of total 
protein as described by Wojciechowska et al. (2018). Pro-
tein concentration was measured with a 2-D Quant Kit (GE 
Healthcare, Piscataway, NJ, USA) and proteins were sepa-
rated by SDS-PAGE on 4–20% Mini-PROTEAN TGX pre-
cast gels (Bio-Rad), with an equal amount of protein (20 µg) 
in each lane. Transfer to PVDF membrane was performed 
using Trans-Blot® Turbo™ (Bio-Rad). Primary rabbit anti-
body—anti-ATG8 (AS14 2769, Agrisera, Vännäs, Sweden) 
was diluted 1:10,000 in 2% skimmed milk powder. Incuba-
tion with secondary antibodies was performed using anti-
body conjugated with horseradish peroxidase (HRP), goat, 
anti-rabbit (Agrisera) diluted 1:10,000 in 2% skimmed milk 
powder. The PVDF membrane was incubated with Clarity 
western ECL substrate chemiluminescent detection reagent 
(Bio-Rad) for 5 min prior to image registration in G-BOX 
CHEMI XR5 (Syngene, Cambridge, UK).

Immunofluorescence

Freshly collected pioneer root and stem segments were sec-
tioned (30 µm) using a vibratome (Leica VT 1200S, Leica 
Biosystems, Nussloch, Germany) and immediately fixed for 
1 h in 0.5% glutaraldehyde with 4% formaldehyde (Poly-
sciences, Warrington, FL, USA) in 0.1 M PBS buffer. The 
material was rinsed in PBS and sections were blocked with 
2% bovine serum albumin (BSA, Sigma) in PBS for 20 min. 
Subsequently, the material was treated with a primary ATG8 
rabbit antibody that was diluted 1:1000 with 0.2% BSA/PBS, 
overnight at 4 °C. The samples were rinsed five times in 
PBS, and subsequently incubated at 36 °C for 1 h with poly-
HRP-conjugated secondary antibody (Thermo Fisher Sci-
entific, Carlsbad, CA, USA). A tyramine signal amplifica-
tion (TSA) technique, as described by Wojciechowska et al. 
(2018), was also used to assess the localization of ATG8 
protein due to its high level of sensitivity. After rinsing in 
PBS, the material was mounted in Prolong Gold (Life Tech-
nologies, Thermo Fisher Scientific). Lignin autofluorescence 
was monitored at the same time that immunolocalization 
was assessed. At least five root and stem segments were har-
vested from each developmental category for the analysis of 
the immunofluorescence of each antibody. The results were 
registered with a Leica TCS SP5 confocal microscope (Leica 
Biosystems) using lasers: 405 diode emitting light at wave-
lengths of 405 and argon emitting light at wavelengths 488 
to observe fluorescence of lignins and ATG8, respectively. 
Two negative controls were performed, omitting primary 
antibody anti-ATG8 and without antibodies conjugated with 
HRP.

Transmission electron microscopy (TEM)

The root and stem samples were fixed in a mixture of 2% 
glutaraldehyde and 2% formaldehyde (pH 6.8) for 2 h at 
room temperature and overnight at 4 °C. The samples were 
subsequently rinsed three times with cacodylate buffer 
(0.05  M; pH 6.8, Polysciences) and postfixed with 1% 
osmium tetroxide for 2 h at room temperature. The fixed 
material was counterstained and embedded in low-viscosity 
Spurr’s resin as described by Bagniewska-Zadworna et al. 
(2012). Ultrathin sections (0.1 µm) were stained with ura-
nyl acetate and lead citrate, and examined with an HT7700 
transmission electron microscope (Hitachi, Tokyo, Japan), 
operating at an accelerating voltage of 100 kV. At least five 
root and stem segments from each developmental category 
were subjected to cytological analysis. An average of three 
copper grids per sample was examined using TEM.

Results

Expression of ATG​ genes at different stages of root 
and stem development

During the initial screening tests, ATG​ genes which change 
in expression in the organs studied were selected for further 
analyses. The expression analysis of ATG​ genes revealed 
significant differences between the expression profile in 
specific root and stem segments (Figs. 1 vs. 2). The expres-
sions of ATG7, ATG8C, ATG8D, ATG8G, ATG8H, ATG11, 
and ATG18D were analyzed (Figs. 1, 2). Several charac-
teristic profiles were observed related to the autophagy 

Fig. 1   The relative expression of different ATG​ genes in P. 
trichocarpa root tips and pioneer roots during primary and secondary 
tissue development. The name of each gene is indicated at the bottom 
of the histogram. Means labeled with the same letter do not differ sig-
nificantly according to a Tukey’s post hoc test (p < 0.05, ± SE)
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during root and stem development. Statistically significant 
differences in the expression of three ATG​ genes (ATG8C, 
ATG8D, ATG18D) were observed in pioneer roots along 
their development gradient (Fig. 1). Expression of these 
genes increased, relative to their expression in root tips, 
with primary and secondary tissue development (Fig. 1). 
Other genes exhibited a shift in their expression only in pri-
mary root (ATG7) or secondary root tissues (ATG11), while 
two genes did not show their expression increase (ATG8H, 
ATG8G) (Fig. 1). A slightly different pattern of expression 
was observed in stem tissues. In contrast to roots, the expres-
sion of all of the examined ATG​ genes (except ATG18D) 
exhibited up-regulation during secondary growth of the stem 
(Fig. 2). Only two genes (ATG8H, ATG18D) exhibited a 
shift in expression in isolated secondary xylem; while one 
was uniformly expressed (ATG11) in xylem tissues. The 
level of expression of other genes was significantly lower in 
xylem tissues (Fig. 2).

Distribution and localization of ATG8 protein

Based on the significantly increased expression of ATG​ 
genes in both roots and stems along a developmental gradi-
ent, the amount and localization of ATG8 protein, which is 
necessary for appropriate autophagosome formation, were 
examined by immunoblot (Western blot) and immunolocali-
zation analyses. The ATG8 protein can be detected either as 
a protein conjugated to phosphatidylethanolamine (PE) on 
an autophagosomal membrane or as a free protein without 
PE. The level of ATG8 protein in both pioneer roots and 

stems changed along the developmental gradient represented 
by the sampled segments (Fig. 3). Results indicated that the 
amount of ATG8 protein was highest in the root tips and 
the secondary tissues of roots and stems, as well as in iso-
lated secondary xylem elements. The dominant form in root 
tips was free ATG8, whereas ATG8 protein conjugated to 
phosphatidylethanolamine (ATG8-PE) was predominant in 
secondary tissues of roots and stems (Fig. 3).

A strong fluorescent signal was observed in the primary 
tissues of pioneer roots arising from differentiating vascular 
tissues (phloem and xylem) in the stele (Fig. 4a–c). First, 
ATG8 was observed in developing primary xylem (Fig. 4a), 
later also a strong signal came from differentiating primary 
phloem (Fig. 4b, c). ATG8 in secondary roots was detected 
in the cambial zone and secondary phloem cells, as well as 
from fibers and secondary xylem elements differentiating 
from cambial cells. A stronger signal was observed in xylem 
cells that was closest to the cambium (Fig. 4d–f).

ATG8 in developing primary stems was located mainly 
close to and within developing vascular tissues (Fig. 5a–c). 
The strongest signal was observed in differentiating but not 
yet lignified extraxylary fibers, while the lowest signal was 
observed in parenchyma cells located in the center of the 
stem sections (Fig. 5a–c). A very strong ATG8 signal was 
detected in secondary stem tissues in the cambium, develop-
ing secondary phloem cells, including fibers, and developing 
xylem elements (Fig. 5d–f). A weaker, disappearing signal 
was detected along cell walls of the mature phloem. ATG8 
protein was also localized in cells of the remaining primary 
xylem (Fig. 5d).

Intracellular localization of ATG8 revealed the strong 
signal in the protoplast of developing xylem vessels and 
fibers along cell wall with dots that revealed the presence of 
autophagosomes. Representative images are shown in Fig. 6.

Negative control reactions revealed an undetectable signal 
compared with the standard reactions (Fig. 7).

Ultrastructural observation

Given that ATG proteins were located close to or within 
xylem tissues, evidence of autophagy was studied in cells 
undergoing primary and secondary xylem differentiation. At 
the ultrastructural level, the cytology of autophagy appeared 
to be the same in all cells, regardless of the organ or process 

Fig. 2   The relative expression of different ATG​ genes in P. 
trichocarpa stems during primary and secondary tissue development, 
as well as in isolated secondary xylem tissues. The name of each gene 
is indicated at the bottom of the histogram. Means labeled with the 
same letter do not differ significantly according to a Tukey’s post hoc 
test (p < 0.05, ± SE)

Fig. 3   ATG8 protein levels in pioneer roots and stems during their 
development and maturation. RT root tips, PR primary roots, SR sec-
ondary roots, PS primary stems, SS secondary stems, X isolated sec-
ondary xylem
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Fig. 4   Immunolocalization of ATG8 protein (green fluorescence) and lignin distribution (red autofluorescence) in developing pioneer roots. PX 
primary xylem, SX secondary xylem, Ph phloem, Pf phloem fibers. Scale bars = 50 µm

Fig. 5   Immunolocalization of ATG8 protein (green fluorescence) and lignin distribution (red autofluorescence) in developing stems. PX primary 
xylem, SX secondary xylem, C cambium, Ph phloem, Pf phloem fibers. Scale bars = 50 µm
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analyzed (Figs. 8, 9). Cytological analysis of the early stages 
of xylogenesis in roots and stems showed that all of the dif-
ferent types of autophagy were present. Microautophagy, 
identifiable by tonoplast invagination and autophagic bodies 
inside vacuoles, was frequently observed (Figs. 8a, b, 9a–d). 

Some of those invaginations, and subsequently autophagic 
bodies, contained cytoplasmic material, inclusions that 
were electron lucent, or multiple vesicles and membrane-
built structures differing in size and shape. Many phago-
phores were evident (Fig. 8c), as well as the presence of 

Fig. 6   Intracellular immunolocalization of ATG8 protein (green 
fluorescence) and lignin distribution (red autofluorescence) in root 
and stem secondary xylem tissues. ATG8 localization in developing 

xylem vessels and fibers along cell wall with several dots inside cells 
(arrowheads). Scale bars = 10 µm

Fig. 7   Representative images of negative control reactions with omitting primary antibody anti-ATG8. LM light microscopy image of the same 
root/stem section. Scale bars = 50 µm
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autophagosomes in the cytoplasm (Figs. 8d, f, 9e), all of 
which are characteristic of macroautophagy. Vacuolization 
in differentiating xylem was also observed and was repre-
sented by a large central vacuole in most cases. At this stage 
of xylogenesis, evidence of micro- and macroautophagy was 
still observed, and the beginning stages of secondary cell 
wall development in root tracheary elements (Fig. 8f) and 
fibers (Fig. 9e) were also visible. In the last stage of xylogen-
esis, rupture of the tonoplast was observed (Fig. 9f), and due 
to the release of hydrolytic enzymes, other components of 
the protoplast appeared in various stages of digestion (mega-
autophagy). At the completion of xylogenesis, functional 
xylem elements were observed (Fig. 9g).

Discussion

In plants, autophagy is associated during developmental 
events with both formation and degradation (van Doorn 
and Woltering 2005), during the process of tissue and organ 
morphogenesis in ontogeny, and in response to biotic and 
abiotic stress (Kwon and Park 2008; Wang et al. 2016; 
Bozhkov 2018). Linking autophagy with plant develop-
ment processes is not straightforward, and studies on the 

role of autophagy in plant organogenesis and histogenesis 
are limited. Research directed at understanding the regula-
tion of cell death is valuable; however, no detailed compari-
sons of the cytological and molecular events associated with 
autophagy during development in below- and aboveground 
organs (roots vs. stems) have been conducted. Therefore, the 
present research was directed at elucidating the molecular 
and cellular events of autophagy involved in the regulation 
of the primary and secondary development of pioneer roots 
and stems in P. trichocarpa, growing in a rhizotron system.

Several cellular and molecular markers of autophagy 
were used to study the process of autophagy during pioneer 
root and stem development. An analysis of the expression 
of ATG​ genes during root and stem development revealed 
some common patterns. Two ATG8 genes (ATG8C, ATG8D) 
and ATG18D, among all of the examined ATG​ genes, exhib-
ited a statistically significant change in their expression in 
both primary and secondary root segments, while ATG11 
was highly expressed only in secondary roots. All of the 
ATG8 genes analyzed, as well as ATG11, were up-regulated 
during secondary development of stem tissues. However, 
only the expressions of ATG8H, as well as ATG11 and 
ATG18D, were also elevated in isolated secondary xylem, 
suggesting that these genes may play a role in dPCD during 

Fig. 8   Xylogenesis events in developing pioneer roots of Populus 
trichocarpa. a, b Microautophagy. Invagination of protoplast con-
tents into vacuoles (arrows) and the formation of autophagic bodies 
(arrowheads). c, d Macroautophagy. Formation of a membrane struc-

ture (also called phagophore) and autophagosome. e–h Increasing 
vacuolization and secondary cell wall formation in developing xylem 
elements. AB autophagic-like bodies, AP autophagosomes, CW cell 
wall, Ph phagophore, V vacuole. Scale bars = 1 µm
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xylogenesis. Functional roles of some of these genes/pro-
teins have been previously reported. ATG11 plays a critical 
role in phagophore assembly site (PAS) architecture and also 
appears to play a role in scaffolding the ATG1/13 complex to 
the PAS (Yorimitsu and Klionsky 2005). In general, ATG11 
required for autophagy in Arabidopsis promotes autophagic 
vesicle delivery to the vacuole. It is also involved in selective 
autophagy during senescence, indicating that this accessory 
protein is required during developmentally induced nutrient 
recycling (Li et al. 2014). Given that in contrast to yeast, 
Arabidopsis ATG11 protein has an ATG17-like domain, it 
is plausible that it can function in both general and selective 
autophagy (Li et al. 2014; Yoshimoto and Ohsumi 2018). 
ATG18 is absolutely required for autophagosome formation 
in yeast (Suzuki et al. 2007). Similarly, in plants, Arabidop-
sis AtATG18a is likely required for proper autophagosome 
formation during nutrient starvation and senescence (Xiong 
et al. 2005). AtATG18 is also involved in the autophagy that 
occurs in response to oxidative stress in Arabidopsis root 
cells (Xiong et al. 2007).

The largest number of studies has been conducted on 
ATG8 proteins and the genes encoding them. In contrast 
to yeasts with only a single ATG8 gene, plants have mul-
tigene ATG8 family (Ryabovol and Minibayeva 2016). 

ATG8 is a key protein in the formation of autophagosomes 
and ATG8 antibodies can be used to identify autophago-
somes, especially when it is fused to a fluorescent protein 
(Contento et al. 2005) or detected immunocytochemically 
(Wojciechowska et al. 2018). ATG8 protein can be present 
in two forms, free and conjugated to phosphatidylethanola-
mine (PE), participate in autophagosome biogenesis, and 
regulate the conjugation of ATG8 to PE and its localiza-
tion to the PAS (Nair et al. 2012). In the present study, 
the ATG8-PE form, attached to the autophagosome mem-
brane, was the dominant form of ATG8 during stem sec-
ondary development as well as in isolated xylem. Consid-
ering that PE positively regulates autophagy (Rockenfeller 
et al. 2015), the participation of autophagy in xylogenesis 
seems to be indisputable. The analysis revealed similar 
results for both primary and secondary root and stem tis-
sues. Specifically, ATG8 was detected during the early 
development of xylem tracheary elements and xylary fib-
ers, as well as in differentiating extraxylary fibers. These 
cells are obviously less lignified than other nearby cells 
that are already dead, as well as other functional target 
cells (Pesquet et al. 2001, 2013; Bagniewska-Zadworna 
et al. 2014a). A strong ATG8 signal was also observed in 
cambial tissue, indicating the role that autophagy plays in 

Fig. 9   Xylogenesis events in developing stems of Populus 
trichocarpa. a–d Microautophagy. Invagination of protoplast con-
tents into vacuoles (arrows) and the formation of autophagic bodies 
at different stages of the maturation of tracheary elements and fibers. 

e Macroautophagy. Formation of autophagosomes present. f Mega-
autophagic tonoplast rupture. g Mature xylem element without a 
protoplast. AB autophagic-like bodies, AP autophagosomes, CW cell 
wall, TE tracheary element, V vacuole. Scale bars = 1 µm
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protoplast complete or partial degradation in developing 
xylem and phloem sieve cells, respectively. Cells in other 
tissues did not exhibit such a strong ATG8 signal, indicat-
ing that ATG8 protein during the primary and secondary 
development of roots and stems occurs mainly in cells 
that have a short life span. ATG7 was also up-regulated 
during the development of primary tissues in pioneer 
roots and secondary tissues in stems. ATG7-dependent 
autophagy has been demonstrated to constitute an “anti-
death” (“pro-survival”) mechanism in plants that is used 
to control and contain the cell death that occurs during an 
immune response to fungal infection (Lenz et al. 2011b). 
Considering that all ATG8 (ATG8C, ATG8D, ATG8G, 
ATG8H) genes analyzed, as well as ATG7 and ATG11, 
were up-regulated during the development of secondary 
tissues in stems, and that ATG​8H, ATG11, and ATG18D 
were especially up-regulated in isolated secondary xylem 
elements, they appear to represent ideal molecular markers 
for autophagy (dPCD) that are associated with develop-
mental processes in plants. ATG8C, ATG8D, ATG11, and 
ATG18D were also up-regulated during the development 
of secondary tissues in pioneer roots. These results provide 
new insights for developing a better understanding of how 
autophagy is used to keep cells alive that are destined to 
become dead cells when the process of xylem differentia-
tion and maturation is completed.

The current study also provides information on the his-
togenesis of other tissues, such as the differentiation of 
phloem tissue in both roots and stems. ATG8 was detected in 
both forms in the root tips of pioneer roots, with the free form 
of ATG8 being dominant. In developing roots, ATG8 can be 
involved in vacuole biogenesis in cortical parenchyma cells 
that develop from meristematic tissue, and in differentiating 
phloem tissues. The entire volume of cells is occupied by 
cytoplasm in meristematic tissues. These cytoplasmic com-
ponents, however, are quickly degraded as cells mature and 
a large volume of parenchyma cells become occupied by a 
large central vacuole (Evert 2006a). Constitutive autophagy 
also plays a critical role in the formation of the central vacu-
ole in maturing plant cells (Zouhar and Rojo 2009). Although 
the role of autophagy during vacuole biogenesis in plants has 
been documented (Marty 1999), studies utilizing atg mutants 
have indicated that autophagy may not be essential for vacu-
ole biogenesis to occur (Doelling et al. 2002). Constitutive 
autophagy, however, was reported to occur during the dif-
ferentiation of cortical root cells, along with the formation 
of an enlarged central vacuole (Yano et al. 2007). Similarly, 
in Arabidopsis and barley root tips, from meristematic to 
elongation zones, vacuolar autophagy occurs constitutively 
in these regions of cells (Inoue et al. 2006).

Mature phloem cells are also poor in organelles, and those 
that are present are mainly located in a peripheral strand of 
cytoplasm along the cell wall (Evert 2006b; Knoblauch and 

Peters 2010; Holbrook and Knoblauch 2018). This suggests 
that organelles are degraded during the differentiation of pri-
mary phloem cells from meristematic tissue. The mechanism 
underlying and responsible for this degradation is unknown. 
Selective autophagy, however, may possibly play a key role 
in this process (Evert 2006b). A selective autophagy-like 
process, similar to microautophagy, has been reported to 
be involved in the formation of sieve elements in phloem 
tissues of wheat (Wang et al. 2008). Detailed studies of 
autophagy during phloem differentiation and the involvement 
of autophagy in the development of phloem sieve cells, how-
ever, are still lacking. In this case, possible reorganization 
and reprogramming without cell death is possible, as sug-
gested previously (Papini et al. 2014). In the present study, 
ATG8 protein was also localized in cambium and developing 
phloem elements in both of the organs analyzed. A weaker 
signal was detectable in mature phloem cells, usually along 
cell walls. A strong signal was localized in and close to differ-
entiating fibers, similar to the signal level observed in xylary 
fibers. This result is consistent with the expected patterns, as 
all of these cells do not retain their protoplasts at maturity.

All of the different types of autophagy were observed at 
the ultrastructural level during the differentiation of xylem 
tracheary elements and fibers. As previously reported 
(Bagniewska-Zadworna et al. 2012), micro- and macro-
autophagy are the first apparent forms of autophagy that 
are visible in differentiating cells. During microautophagy, 
invaginations of the tonoplast containing protoplast con-
tents protrude into vacuoles. Such structures were read-
ily observed. During this type of autophagy, the contents 
within an invagination are typically hard to identify, except 
for membrane components in multivesicular bodies, which 
may be considered as a specific type of microautophagy 
(van Doorn and Papini 2013). Macroautophagy is a much 
more studied process. It is initiated by a double-membrane 
structure, a phagophore, which surrounds a large portion of 
cytoplasm; soon the ends of the phagophore close and the 
double-membrane structure is now called an autophagosome 
(Zhuang et al. 2018). Subsequently, the outer membrane of 
the autophagosome fuses with a vacuole and its contents are 
digested by hydrolases present in the vacuole. In the current 
study, autophagosomes were readily observed in most of the 
differentiating xylem cells that were analyzed, as well as in 
cells of differentiating root and stem tissues. In our observa-
tions of macroautophagy, both ‘tubule-like’ and ‘thin-line’ 
autophagosome formation structures, as described by van 
Doorn and Papini (2013), were observed and confirmed our 
previously reported observations in the present and previ-
ously described work (Bagniewska-Zadworna et al. 2012; 
Bagniewska-Zadworna and Arasimowicz-Jelonek 2016). 
The two types of observed autophagy, micro- and macro-
autophagy, appear to play a role in delaying the final death 
of the cell until a secondary cell wall is sufficiently formed, 
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which is required for the cells to fulfill their mechanical 
function of providing support while conducting water and 
nutrients. It is significant, however, that few subsequent 
phases can be distinguished in dPCD, such as the induction 
phase, which is dependent on specific inducing signals, the 
effector phase, during which cell components are degraded, 
the death phase, when the vacuole collapses and cell death 
occurs, and post-mortem autolysis (Avci et al. 2008; van 
Doorn 2011; Bagniewska-Zadworna et al. 2014a; Escamez 
and Tuominen 2014). A curious aspect of functional 
autophagy is that the transition between cell survival and 
cell death cannot be clearly demarcated. The loss of vacuolar 
integrity and the release of massive amount of hydrolases 
into the cytoplasm were observed in cells undergoing the 
last stage of xylogenesis (Avci et al. 2008). Similar observa-
tions were made in developing fibers, where autolysis was 
observed after secondary cell wall formation (Courtois-
Moreau et al. 2009). Autophagy plays a role in extending the 
time needed to complete all of the necessary developmental 
processes, including lignification of cell walls, before a point 
of no return is reached. In some cases, however, tracheary 
elements can continue to lignify post-mortem (Pesquet et al. 
2013). In these cases, the genes involved in lignification are 
expressed in neighboring cells and their encoded proteins, 
or end products, are transported into adjacent mature xylem 
cells (Bagniewska-Zadworna et al. 2014a, b). It seems that 
autophagy plays a dual role in cells, either promoting cell 
survival via degradation or initiating PCD when the level of 
degradation is too great and becomes irreversible (Minina 
et al. 2014). Although it sounds paradoxical, autophagy does 
not always accelerate cell death, but rather protects cells 
from death (Liu and Bassham 2012), even if it is only effec-
tive for a short period of time and allows cells to complete 
maturation before cell death is inevitable.

Conclusion

In the present study, the involvement of autophagy in the 
development of pioneer roots and stems was studied in 
detail, including the identification and analysis of the expres-
sion of ATG​ genes associated with autophagy. This is the 
first study to provide a detailed analysis of the level of ATG8 
protein and its localization. Our analysis revealed the indis-
pensable contribution of ATG8 to the proper functioning of 
autophagy during dPCD in both above- and below-ground 
organs of poplar. Knowledge concerning the patterns and 
underlying mechanisms of autophagy during xylogenesis 
can be used to obtain plants and trees with modified wood 
properties. Despite the tremendous advances being made in 
developmental research in plants, several key questions per-
taining to the role of autophagy in histogenesis still remain 
to be elucidated. The most important of these questions 

pertain to the role of autophagy in the process of PCD in 
plants. Is autophagy only a harbinger of cell death, or can 
it also be used to postpone the moment of death until cell 
maturation is completed and a functional cell exists, such as 
in the maturation of xylem tracheary elements? A dual role 
for autophagy, as was observed in the present study, is based 
on the occurrence of different types of autophagy. In the case 
of xylogenesis, the role of the executioner should only be 
attributed to mega-autophagy, from which there is no return.

Continued research on plant developmental autophagy 
will allow us to better understand the functions of autophagy 
in dPCD, including the involvement of constitutive 
autophagy in vacuole biogenesis, as well as in the response 
of plants to changing growth conditions.
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