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Abstract

The main task of annually grown fibrous roots is to supply aboveground organs with water and nutrients. The key for
this function, the development and mortality of primary tissues during a root lifespan is still poorly understood,
especially in plants grown under field conditions. The goal of this study was to investigate the differentiation and
maturation of fibrous roots from the initial appearance until the senescence and death. We monitored the histogenesis
and anatomy of first order fibrous roots of black cottonwood (Populus trichocarpa Torr. & Gray) sampled at a known
age. The daily examination of the first order fibrous roots revealed that only primary tissues were differentiated during
the first seven days after their initiation and were maintained during the root lifespan. We observed all stages of
exodermis and endodermis formation regulation a fibrous root water and nutrients uptake capacity. A cytological
analysis, examined if any cellular symptoms of autophagy could be detected in senescent roots, indicated that vacuolar
cell death was involved in root mortality. Our results are the first report strongly suggesting that programmed cell death
(PCD) could be engaged in the senescence of ephemeral fibrous roots. The anatomical results advance our
understanding of how roots absorptive ability is related to precise timing of tissue development during primary growth
and of fibrous root senescence after fulfilment of its tasks.
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Introduction

The evolution of a root system is undoubtedly one of the
most important adaptations that enable plants to survive
in terrestrial environments (Harper et al. 1991). This
evolutionary success is possible due to the ability of
higher plants to develop various types of primary roots,
known as heterorhizis (Hishi 2007). Primary roots may
be divided into: /) short and thin roots (usually up to
1 mm in diameter) known as fibrous, fine or feeder roots;
and 2) long, thick (> 1 - 2 mm of diameter), fast-growing
pioneer roots which form the framework of the root
system, also known as coarse or framework or skeleton
roots (Kolesnikov 1971, Lyford 1980, Sutton and Tinus
1983, Bagniewska-Zadworna et al. 2012). Most root

systems of trees involve tip-ended, first order fibrous
roots (Jagodzinski and Katucka 2011). The main function
of fibrous roots is the absorption of water and mineral
nutrients from the rhizosphere. The function of a fine root
is closely related to its anatomical structure and lifespan
(Valenzuela-Estrada et al. 2008). During the first days of
growth, roots undergo anatomical changes at various
distances from the apical meristem that affect their
permeability to water and nutrients. Xylem is an
important structural element that partly determines uptake
and transport of water and ions to the aboveground parts
of a plant. Previously, we traced the process of
xylogenesis in both fibrous and pioneer roots with
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regard to their different functions and found that in
fibrous roots, functional vessels develop on the third to
fourth day following root emergence (Bagniewska-
Zadworna et al. 2012). Apart from xylem vessels, both
the hydrophobic exodermis and the endodermis
determine water radial flow after its uptake by finest roots
(Steudle and Peterson 1998, Ma and Peterson 2001,
Endstone er al. 2003, Martinka et al. 2012). The
exodermis forms from the outside layers of cortex
parenchyma and prevents water flow from a root back
into soil, protecting it also against microorganisms as
well as offering mechanical support (Ma and Peterson
2003). Tissue differentiation in the primary roots is of
major importance in terms of functions performed by an
individual root. The lack of secondary structure, like
secondary xylem or periderm, in fibrous first order roots
affects the effectiveness of the whole root water uptake
(Eissenstat and Achor 1999, Huang et al 2010,
Zadworny and Eissenstat 2011, Bagniewska-Zadworna
et al. 2012). Majdi et al. (2005) suggested that given the
complexity and heterogeneity within the root system it
would be crucial to define fine roots not only by
morphological traits but also by their function. Apart
from the root anatomy, root lifespan can also affect the
absorption efficiency. General theories on plant tissue
lifespan are mainly based on the observations of leaf
lifespan, however, there is an uncertainty if these theories
can also explain the patterns of fibrous root life cycles.
Most fibrous roots, in contrast to the pioneer roots, are as
short-lived as leaves (Eissenstat and Yanai 2002), but
Pregitzer (2002) rightly commented that one of the most
remarkable gaps in our knowledge is that we still do not
know what controls the mortality of individual roots.
Some data suggest that lifespan of fibrous roots could be
shorter in deciduous trees than in evergreen species (Vogt
and Bloomfield 1996). In woody plants, most of the
fibrous laterals are formed de novo every year, growing
no more than a few centimeters, with the growth taking
place during a few days (Wells and Eissenstat 2001,
Eissenstat and Volder 2005, Xia et al 2010). Root
lifespan has been a subject of broad interest among
scientists for many years. Previous studies indicate that
the lifespan of individual roots might depend, besides
their diameter, on many environmental factors and also
on the root branching order. The later describes the
location of a root in the root system, its depth, the growth
potential of a plant, and water and nutrients availability
(Joslin et al. 2000, Wells and Eissenstat 2001, Baddeley
and Watson 2005). In poplar, fibrous roots are relatively
short-lived (Coleman et al. 2000), ranging from 30 to 300 d
(Block et al. 2006, McCormack et al. 2012). In aging fine
roots, morphological changes are observed (browning,
blackening, and shrinking) and they are linked to fine
root death and disappearance (Hendrick and Pregitzer
1993, Comas et al. 2000), leaving only “scars” in higher
order, “mother” roots (Pregitzer et al. 2000). Thus,
enhanced root disappearance observed in late summer
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and autumn (Burke and Raynal 1994, Hendrick and
Pregitzer 1996) suggests that the finest roots of first order
exhibit annual lifespan (Majdi et al. 2001, Wells et al.
2002, McCormack et al. 2012). In many cases, higher
rates of fine root mortality are observed in autumn,
sometimes linked with decreasing temperatures (Pregitzer
et al. 2000, Wells and Eissenstat 2001).

There is still a large gap in our knowledge on what
causes fibrous root cell death. It is suggested that fine
root death might be passive (Eissenstat and Yanai 1997),
with plants reducing their investment in sugar supply and
defense compounds leaving roots more vulnerable to
pathogens (Eissenstat and Volder 2005). However, there
are data suggesting that the active process of programmed
cell death (PCD) leads to cell self-destruction, but at the
same time, it can also condition the organism growth and
survival (Greenberg 1996, Van Doorn and Woltering
2004). Programmed cell death is known especially during
the xylogenesis that leads to the degeneration of
organelles and finally to complete elimination of the
protoplast (O’Brien and Thimann 1967, Srivastava and
Singh 1972, Fukuda 2000). PCD is also involved in the
development of primary roots of Cactaceae during the
formation of the primary root system important for rapid
seedling establishment in a desert environment
(Shishkova and Dubrovsky 2005), and possibly during
senescence of the cortex of a fine root (Lascaris and
Deacon 1991, Liljeroth and Bryngelsson 2001). A
specific example of genetically programmed cell death in
plants is leaf senescence (Leopold 1961, Barlow 1982,
Pontier et al. 1999, Delorme et al. 2000, Simeonowa and
Mostowska 2002, Gepstein 2004, Kotodziejek et al.
2007). During senescence, accumulated carbon and
nitrogen compounds are translocated from senesced
organs (e.g., leaves in autumn) to other parts of the plant
(Lam 2004, Rogers 2006, Della Mea et al. 2007). Similar
processes take place during fibrous roots senescence.
However, Nambiar (1987) suggested that in senescent
roots of Pinus radiata, there is little translocation of
nutrients.

We are not aware of a correlation of PCD with
seasonal senescence of fibrous roots. Thus, we address
the issue of the possible analogy between fibrous root-
and leaf-lifespans and hypothesize that PCD is engaged
in the senescence of ephemeral fibrous roots. The PCD
process in plant cells involves autophagy including cell
degradation and recovery (Van Doorn and Woltering
2005, 2010). Autophagy is commonly divided into
subcategories: micro-autophagy and macro-autophagy,
characterized by an engulfment of smaller or larger
portions of cytoplasm, subsequently entering the vacuole
and degrading by hydrolases inside vacuole lumen. The
third autophagy process, the mega-autophagy or mega-
autolysis, is an accumulation of hydrolytic enzymes in
enlarged vacuoles leading to the increased permeability
of tonoplast, its final disruption, and digestion of the
remaining part of the cell (Van Doorn and Woltering



2005). However, according to the latest classification of
all autophagy-like processes in plants, it should be called
“vacuolar cell death” (Van Doorn et al. 2011) or
“autolytic PCD” (Van Doorn 2011).

The main purpose of this study was to investigate the
anatomical structure of first order fibrous roots during
their appearance (initial growth), their differentiation and

Materials and methods

Plants: All experiments were performed on mature trees
of Populus trichocarpa (Torr. & Gray) at the
experimental field of the Institute of Dendrology, Polish
Academy of Sciences in Kornik (52° 14' 40” N and
17° 06' 27” E) (Bagniewska-Zadworna et al. 2012). The
daily rate of root growth was examined using root boxes
(rhizotrons) with  transparent windows enabling
observations of individual roots from their early growth
without disturbance and allowed continuous sampling
fibrous roots of known age. New fibrous root growth
visible on the acetate film was traced daily with different
colour extra-fine markers. Individual fine root segments
(at least 20 from each age category) were cut directly
through the acetate film at soil depths ranging from 5 to
30 cm. Each harvested root was immediately cut into
segments that corresponded to increments of daily growth
and were analysed individually. Fibrous roots were
identified in the field based on their morphology
(a smaller diameter than pioneer roots). At the end of the
growing season, between September and November,
fibrous roots of a maximum length of 6 - 10 mm started
to turn brown and they were collected for a further
analysis. For anatomical and cytological tests, senescent
roots were identified and categorized according to the
morphological symptoms as described Comas et al
(2000) and Block et al. (2006). At least 20 individual
roots from each pigmentation category: white
(functional), browning (senescent), and dark brown
(dying) were analysed.

Root anatomical studies: For histological analysis,
harvested samples of fibrous roots were fixed
immediately in 2 % (v/v) glutaraldehyde and 2 % (v/v)
formaldehyde (overnight; pH 6.8; Polysciences,
Warrington, USA). The samples were rinsed three times
with a cacodylate buffer (0.05 M; pH 6.8; Polysciences)
and dehydrated in a graded ethanol series (10 - 100 %,
v/v). The samples were treated with butanol, infiltrated
and embedded in Paraplast Plus (Sigma, St. Louis, USA)
and Technovit 7100 resin (Heraeus Kulzer, Wehrheim,
Germany). Cross-sections were cut with a HM 340E
rotary microtome (Microm, Walldorf, Germany) at a
thickness of 12 pm. Afterwards, the cross-sections were
double-stained with 1 % (m/v) Safranin O and 0.1 %
(m/v) Fast Green. We evaluated the anatomy of the first
order fibrous roots for cell wall lignification/suberization
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maturation, as well as their structural symptoms of
natural senescence and death in black cottonwood.
Moreover, we carried out the detailed cytological analysis
of senescent and dying first order fibrous roots in order to
check whether autophagy is a form of cell death that
plays an important role resulting in root death.

and examined Paraplast sections under a light and
fluorescence microscope equipped with Colibri.2, a LED
radiation source giving excitations at 365, 470, 555, and
615 nm (Axioscope Al, Carl Zeiss, Jena, Germany). For
histological observations, senescent and dying roots were
embedded in Technovit and stained with 0.1 % (m/v)
Toluidine blue (pH 4.4).

Root vitality test - FDA staining technique: We tested
the viability on the first order fibrous roots with
fluorescein diacetate (FDA, Sigma). After the harvest,
fibrous roots were washed with distilled water and cut
into 150 um thick cross-sections with a Leica VT1200S
vibratome (Leica Biosystems, Nussloch, Germany). Four
cross-sections were made from five individual roots. We
stained the cross-sections in a glass Petri dish with
0.002 mg cm™ FDA in a 0.1 M phosphate buffer, pH 7.4,
at 20 °C for 15 min. Afterwards, the samples were rinsed
twice in a 0.1 M phosphate buffer. Only alive cells show
a fluorescent response to FDA vital staining (Rotman and
Papermaster 1966), therefore, this technique provides
detailed information about the physiological status of
fibrous root cross section, living cells actively convert the
non-fluorescent FDA into a fluorescent compound called
fluorescein. Fluorescein appears as light green
fluorescence when excited at 470 nm (4xioscope Al).

Root cytological studies: Fibrous roots for cytological
studies were fixed in 2 % glutaraldehyde and 2 %
formaldehyde (pH 6.8) at room temperature for 2 h and at
4 °C overnight. Afterwards, samples were rinsed three
times with a cacodylate buffer (0.05 M; pH 6.8,
Polysciences) and postfixed with 1 % (v/v) osmium
tetraoxide at room temperature for 2 h. The fixed material
was counterstained and embedded in low viscosity resin
using the method described by Zenkteler and
Bagniewska-Zadworna  (2005).  Ultrathin  sections
(0.1 pm) were cut with a diamond knife on an ultra-
microtome EM UC6 (Leica-Reichert, Bensheim,
Germany) and collected on Formvar-coated copper grids.
The sections were stained with uranyl acetate and lead
citrate, and examined with a JEM 1200 EX II
transmission electron microscope (Jeol, Tokyo, Japan)
operating at an accelerating voltage of 80 kV. For
cytological studies, we harvested at least five root
segments from each age category and each morphological
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type, classified into living (functional), senescent, and
dying root. An average of three copper grids per sample

Results

Within the first 10 d of rhizotron observations, we found
first order fibrous roots with primary growth only.
Therefore, only primary development was examined, and
anatomical analyses were performed from first to seventh
day of root growth to recognize all steps of tissue
differentiation.

At the end of the first day of fibrous root growth, all
tissues started to differentiate as observed in cross
sections. During the first day of fibrous root initiation at
the root length of > 1.5 mm, the root cap also started to

Fig. 1. Comparative anatomy of primary tissues differentiation
of Populus trichocarpa fibrous roots viewed byfluorescence
(UV) microscopy. 4,B - the second day 5 mm from the tip;
C,D - the third and fourth days 7 - 8 mm from the tip; £,F and
G,H - the fifth and seventh days 9 - 10 mm from the tip.
Fluorescence of exodermis and endodermis, Casparian bands
(E,F, arrows), and suberin lamellac (G,H, arrowheads) are
seen. Passage cells are indicated by stars; P - cortex
parenchyma cells, E - endodermis, Ex - exodermis, X - xylem.
Scale bars in A,C =100 pm, in B,D-H = 50 pm.
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was examined under the electron microscope.

disappear. On the second day, the rhizodermis consisted
of a single layer of small circular cells (Fig. 14). Most of
the cross-section area of the first order fibrous roots
contained parenchyma cortex cells (Fig. 14) with an
average number of cell layers of 8.08 + 0.58. Cortex
parenchyma cells observed in the cross sections were
oval or circular, thin-walled, with vacuoles filling almost
their entire interior. The endodermis, the innermost layer
of the cortex, marked the boundary of the fibrous roots
stele and consisted of one to two layers of regularly
arranged and tightly adherent cells (Fig 1B,D). The
endodermis in first order roots started to differentiate as
layer encircled stele visible at the distance of 400 pm
from the root tip on the first day of root growth.
However, initially, cell walls in this layer were thin and
did not show autofluorescence (Fig. 1B,D).

On the second day of growth, the most recognizable
was the lignification of first tracheary elements formed
inside the stele at a height above 5 mm from the root tip
(Fig. 14,B). The fibrous roots were diarch showing only
two primary xylem poles. At this stage, each xylem pole
consisted of two or three tracheary elements with
lignified walls easily recognizable under the fluorescent
microscope due to lignin autofluorescence (Fig. 1B). In
addition to the two xylem poles, two groups of phloem
cells were detected.

From third to seventh days of fibrous root growth, we
observed the expansion of xylem poles (Fig. 1C-H). The
rhizodermis was gradually replaced by cells from the
outermost layer of the cortex with thicker cell walls
incrusted with lignin and adcrusted with suberin that
formed the exodermis (Fig. 1E,G), detected with different
filter combinations. Both the exodermis and endodermis
of stage I with Casparian bands, visible under the
fluorescent microscope on their anticlinal walls, were
observed at the fifth day of root growth at a height > 9
mm from the root tip (Fig. 1E,F). Initially developed
Casparian strips in both exodermis and endodermis were
strongly lignified showing the same fluorescent pattern as
the xylem vessels (Fig. 1E,F). At this stage, we observed
numedrous root hairs that increased the absorbing surface
of fibrous roots. Subsequently, in seven-day-old first
order fibrous roots, the exodermis and endodermis of
stage II with suberin lamellac were detected. Ten
millimeters behind the root tip we observed a strong
suberin deposition in the exodermis and endodermis
(Fig. 1G,H) with three to five passage cells close to the
protoxylem (Fig. 1H). The endodermic cells were heavily
filled with tannins (visible after safranin staining even
under UV), located on the outskirts of the vacuole
(Fig. 1H). We usually observed one to two layers of thin-



walled pericycle cells next to endodermal cells.

We identified senescent fibrous roots to study the
anatomical symptoms of death based on morphological
symptoms as root shrinkage and with brown or black
pigmentation. The roots morphologically classified as
functional showed proper anatomic structure (Fig. 24).
Functional roots with a perfectly cylindrical shape were
significantly differed from those displaying visible
symptoms of senescence, i.e., shrinking. The analysis of
the roots classified as senescent revealed obvious changes
in their structure (Fig. 2B-F). Most distinct signs of
senescence were in the cortex parenchyma cells, whose
cell walls were folded (Fig. 2B,C). Along with the
changes in the cortex, pericycle cells in several roots
were also shrunk and interrupted (Fig. 2C). Discovered
alterations involved the whole cortex or were only
partially visible on one side of cross-sections of fibrous
roots. In some cases, the cell walls of fibrous roots
disappeared forming large intercellular spaces (Fig. 2D).
At a later phase in roots morphologically classified as
dying, individual cortex parenchyma cells were
unrecognizable being fully contracted (Fig. 2E,F). At this
stage, cells inside the stele also underwent several
alterations in the vascular tissue structure, such as cell
shrinkage and collapse (Fig. 2C,F). In some cases, the
cortex was completely separated from the stele (Fig. 2F).

Fig. 2. The structure of functional (4), senescent (B-D) and
dying (E,F) fibrous roots of Populus trichocarpa. Note changes
within cortex parenchyma cells causing cell wall folding,
disappearance, and cell collapsing. P - parenchyma cells. Scale
bars =100 pm.
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Vascular cambium, secondary vascular tissues, or
periderm were undistinguishable (Fig. 2B-F).

Based on the morphological parameters, roots were
classified as functional (white or yellow), senescent (light
brown), and dying (dark brown to black), and tested
separately for cytological changes. We confirmed the
different stages of viability mentioned above with FDA
and observed significantly reduced FDA fluorescence in
senescent light brown roots (Fig. 3CD), than in
functional roots (Fig. 34,B). Dead parenchyma cells did
not exhibit any fluorescence and roots that exhibited dark
brown or black tissue pigmentation showed no
fluorescence at all.

Based on our anatomical results, we focused on the
root cytological observation of cortex parenchyma cells,
as they were subjected to the most structural changes
during root senescence. In addition, we also observed
xylem cells to verify if final symptoms of senescence and
death were also present in the stele.

C —

Fig. 3. The results of the FDA viability test performed on
functional (4-B) and senescent (C-D) fibrous roots of
P. trichocarpa. Only functional root cells were able to cleave
FDA to form fluorescein which displayed light green
fluorescence when excited at a wavelength of 470 nm. The
fluorescence gradually disappeared in senescent roots and was
undetectable in dying roots. Scale bars = 50 pm.

Parenchyma cells of functional roots were circular
and thin-walled (Fig. 44). The major visible compartment
of these cells was a single empty-looking vacuole filling
almost the entire cell, or vacuole filled with tannins,
usually located next to the tonoplast (Fig. 44). The
cytoplasm and other organelles were also located along
cell walls forming a relatively narrow strip. Large
intercellular spaces were observed between cells
(Fig. 44).

The ultrastructure of senescent and dying roots
differed significantly from that of the functional roots.
Senescent light brown roots showed only small changes
in ultrastructure. Vacuoles were usually electron lucent
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(Fig. 4B-E), nuclei and other organelles did not exhibit
any structural changes. Cisternae of rough endoplasmic
reticulum were well distributed in parenchyma cells
(Fig. 4B). In the cytoplasm, several vacuole-like vesicles
were observed (Fig. 4B). In many cells, portions of
cytoplasm, including small organelles, were sequestered
forming autophagosomes, with double membrane derived
from endoplasmic reticulum (Fig. 4 B). In the cortex
parenchyma cells of light brown roots, tonoplast
invagination, with a cytoplasmic content, into a vacuole,
and vacuole-like vesicles fusion with central vacuole
were observed (Fig. 4C-E), however, no changes in
nuclei, mitochondria, and other organelle structure were
identified (Fig. 4F). At the next stage when cortex
parenchyma cells derived from dark brown roots,
organelles became unrecognizable, whereas double-
membrane autophagic structures were noticeable in the

Discussion

The main function of fibrous roots is the absorption of
water and nutrients from soil as reflected in their
anatomical structure. During the initial growth of fibrous
roots, the development of specific tissues in the first days
of root life is still poorly understood, especially when
grown under field conditions. Recently, Bagniewska-
Zadworna et al. (2012) examined daily growth of fibrous
and pioneer roots observing the formation of their
tracheary elements. Here, we focused on the structure of
Populus trichocarpa fibrous root tissue that determines
its adaptability to maximum water and nutrients uptake,
as well as preventing the loss of water back into soil.
Intensive water uptake by fibrous roots occurs at the root
hair zone with root hairs responsible for an additional
root-soil contact and water and nutrients acquisitions
(Gregory 2006). Thus, below the root hair zone closer to
the root tip, fibrous roots can be ineffective in water
uptake. In black cottonwood, fibrous roots mostly
differentiate root hairs 7 - 8§ mm from the root tip which
corresponds to the third and fourth day after root
emergence and the differentiation of functional tracheary
elements (Bagniewska-Zadworna et al. 2012). It seems
that 4-d-old roots are prepared for absorption, however,
on the fifth day of root growth, hydrophobic tissues like
the exodermis and endodermis with Casparian bands
develop. These two types of cell layers are formed to
regulate radial water movement in roots (Endstone et al.
2003, Ma and Peterson 2003) providing parallel
symplastic, apoplastic, and transcellular water passages
across different tissues (Steudle and Peterson 1998,
Martinka et al. 2012).

The number of xylem vessels in the conductive tissue
influences the transport of water and nutrients. We
observed only a few functional tracheary elements per
xylem pole developing on the third to fourth day after
root initiation. This observation indicates that an
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close vicinity of vacuoles. Moreover, we frequently
detected vacuoles that contained several autophagic-like
bodies with cytoplasm derived structures (Fig. 4F,G).
When autophagic bodies merged with a vacuole, they
disappeared and their content was unrecognizable
(Fig. 4G).

The analyses of dark brown to black roots confirmed
the internal anatomical observation of folded and creased
cell walls (Figs. 4H-K). At this final stage of root life,
tonoplasts collapsed and complete disintegration of other
organelles were observable (Fig. 4H). From that time, cell
death was rapid and restricted to cytoplasm acidification.
Indications of numerous microorganisms penetrating the
dead roots (Fig. 4/), e.g., fungi and bacteria, which was
noticeable in dead cells (Fig. 4J,K). Moreover, micro-
organisms appeared also in the area of the root stele, and
were present inside xylem vessels too (Fig. 4L, M).

additional regulation of water movement was not as
necessary as later on, when the hydraulic flow in
functional xylem cannot be interrupted by water and ions
outflow. The function of endodermis is also important
during drought events and other environmental stresses.
In such situations, the endodermis and exodermis develop
closer to root tips (Endstone et al. 2003). Furthermore,
the exodermis with thicker cell walls than the rhizodermis
provides an additional mechanical support and isolation
of living parenchyma cortex cells from soil particles and
pathogens. However, the exodermis and endodermis
should be considered mainly as key regulators controlling
water and nutrients radial movement in roots.

The anatomical analysis of primary fibrous roots also
revealed that all tissues are differentiated during the first
seven days after their initiation. Given that fibrous roots
grow in a relative short time and usually stop growing
within a few days, they are never longer than a few
centimeters (Eissenstat and Volder 2005) and this length
usually remains for the rest of their lifespan.

Fibrous roots are also relatively short lived and retain
their original function of water and nutrients uptake
throughout their lifespan (Eissenstat and Yanai 2002,
Eissenstat and Volder 2005). Still, our knowledge on
relationships among root age, anatomical structure, and
mortality is limited. In our study, we investigated whether
the mortality of first order fibrous roots under the field
conditions was a passive or active process, and whether
mortality was genetically programmed through the
activation of autophagy. The analysis of fibrous roots
classified as senescent revealed many alterations in the
structure of cortex parenchyma cells. We observed that
cell walls were folded and sometimes hollow, and
especially in dying roots, parenchyma cell walls were
usually completely creased and crushed. Others observed
that in some lateral roots, the cortex dies sooner than the



Fig. 4. Different stages of programmed cell death during
senescence of fibrous roots of P. trichocarpa. Control cortex
parenchyma cells (4) and all stages of fibrous root senescence
in cortex parenchyma (B-K) and xylem vessels (L,M) of dying
roots. Note preautophagic structures — large portions of
cytoplasm with a double membrane derived from endoplasmic
reticulum and vacuole-like vesicles (B), tonoplast invagination
into a vacuole and formation of autophagic bodies with a
cytoplasmic content (C-E, arrows), autophagic-like bodies with
cytoplasmic derived structures inside a vacuole (F,G) in
senescent roots and parenchymatic cell walls folded and creased
(H-K), complete disintegration of remaining organelles (/-K)
and microorganisms appearance inside parenchyma cells of
dying roots (/-K) as well as inside xylem vessels (L,M).
CW - cell wall, V - vacuole, Lv - vacuole-like vesicles,
AB - autophagic-like bodies, N - nucleus, M - microorganisms
(fungi and/or bacteria) inside cells. Scale bars in A, I-K = 2 um,
in B-H, N, M = 500 nm.

entire root (Eissenstat and Volder 2005), whereas a root
of an annual plant growing in a pot might retain a
functional pericycle to produce new laterals (Spaeth and
Cortes 1995). However, Brundrett and Kendrick (1988)
and Eissenstat and Achor (1999) observed that the cortex
of citrus or sugar maple roots remains functional during
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root lifespan. A root water uptake capacity is higher in
primary roots, thus the lack of secondary development
does not reduce efficient water and nutrients movement
through roots (Peterson ef al. 1999).

Apparently, when the cortex tissue is sloughed by the
expansion of the stele, the vascular cylinder undergoes
secondary development (Soukup et al. 2004, Gregory
2006). However, we only observed primary structures in
the first order fibrous roots even with pigmentation
similarly as we observed them previously for functional
roots in this species (Bagniewska-Zadworna et al. 2012),
with no development of vascular cambium or phellogen
as secondary meristems. Thus, first signs of death in
cortex cells of fibrous roots of P. trichocarpa can be
identified as first symptoms of the death of the entire first
order root.

The detailed cytological analysis was performed to
find out if any cellular symptoms of autophagy could be
detected in cells during roots senescence. A common
assumption is that various types of autophagy may
simultaneously occur in the cell (Van Doorn and
Woltering 2005, Bagniewska-Zadworna et al. 2010,
2012). Here, we identified all symptoms of vacuolar cell
death including mega-autophagy with collapsed lytic
vacuoles along with the release of hydrolases during the
final stage of root senescence. In senescent fibrous roots,
the first visible symptom was the formation of vacuole-
like wvesicles and autophagy-like structures through
sequestration of large portions of cytoplasm including
small organelles within the cytoplasm. These structures
are involved in the initial cell degradation (Van Doorn
2011). Moreover, in cortex parenchyma cells, as observed
in browning roots, tonoplast invagination, with a cyto-
plasmic content, into the large central vacuole was
frequently noticed, and autophagic-like bodies were
present inside vacuoles. These observations suggest that a
lytic vacuole (Wink 1993) and PCD are involved in root
senescence, similarly as PCD is responsible for seasonal
leaf senescence (Gepstein 2004). Thus, mortality
occurred in darkened roots and could be linked with leaf
senescence as in other ephemeral organs (Hendrick and
Pregitzer 1993).

The phenomenon of autophagy as gradual process is
described in details during wood fiber development
(Curtois-Moreau et al. 2009) and hybrid embryo abortion
(Bagniewska-Zadworna et al. 2010). PCD processes are
also found in roots: during xylogenesis in P. trichocarpa
roots (Bagniewska-Zadworna et al. 2012) and during the
formation of aerenchyma in root cortex cells (He et al.
1996, Lenochova et al. 2009). Considering the previous
and current findings, we document that when fibrous
roots lose the ability to absorb water and nutrients at the
end of the vegetation season, root mortality is inevitable.
This is closely related to the beginning of active PCD, but
perhaps once saccharides and defense compounds are
extremely low in roots, the result is mega-autophagy with
vacuole rupture and hydrolytic enzymes. Additionally,
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limiting soil resources (both water and nutrients) as well
as other external signals from soil can influence the rate
of fine root turnover (Forde 2002, Green et al. 2005).
Eissenstat and Volder (2005) suggested that once a root is
useless, it should be left as prey for herbivores and
pathogens. This fact was actually confirmed by our
observations in cortex parenchyma cells of dying roots.
At the last stage of senescence in dark brown roots, root
cells were infected with numerous pathogenic
microorganisms and soon after the colonization by
microorganisms, which we also noticed inside xylem
vessels, root tissue started to break down.

In summary, our findings show, how first order
fibrous roots changed in their anatomy and cytology
during their primary development, although maintaining
their water and nutrients uptake. Variations in the root
morphology were not only the result of root growth,
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