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Abstract

Ginkgo biloba is a non-coniferous gymnosperm tree species growing in China and widely cultivated as ornamental tree.
Exploring seasonal structural changes in phloem cells of Ginkgo biloba could provide better understanding of the relationship
between phloem structure and function. Stems of Ginkgo biloba saplings were sampled at regular intervals during different
seasons and then prepared for observation with light microscopy and transmission electron microscopy. Light microscopy was
used for identification of non-conducting and conducting phloem and for histometric comparison between sampling dates.
Ultrastructure (cell organelle presence and distribution) of phloem sieve cells and parenchyma was observed to better
understand seasonal changes in phloem cells. Our results showed that most early phloem sieve cells collapsed at the end of the
growing season, while most late phloem sieve cells did not collapse till the next spring. Sieve cells in the youngest phloem were
characterized by square shape with larger radial diameter and slightly thicker cell walls compared to cambial cells. Their lumina
were mostly empty, although some organelles (endoplasmic reticulum, plastids) could be found close to the cell walls. In the
older (nonconducting) phloem the shape of sieve cells became partly collapsed with completely empty lumina. Furthermore,
pores are mostly open and callose was not present on sieve plates neither in the youngest nor in the older phloem. Most phloem
parenchyma cells contain large vacuoles, lipid droplets and amyloplasts, with those in the youngest phloem showing evident
seasonal changes, i.e., the cytoplasm was denser in spring and winter compared to summer and autumn, and lipid droplets
appeared to be at the highest density/frequency in winter compared with other seasons.In conclusion, phloem sieve cells of G.
biloba undergo obvious seasonal structural changes depending on their ages, which is also in accordance with their seasonal
conducting functions in these deciduous trees. Youngest phloem parenchyma cells also showed seasonal structural variation
with regards to cytoplasm density and frequency of lipid droplets.

Key words: Ginkgo biloba, Phloem, Parenchyma, Ultrastructure, Seasonal changes, Sieve cells.

Introduction

Phloem functions as the main tissue is responsible
allocating photosynthetic assimilates and storage,
transporting macromolecules such as phenolics and
volatile organic compounds, as well as defending
against external threats (Bel, 2003; Keeling &
Bohlmann, 2006; Turgeon & Wolf, 2009). Phloem in
gymnosperms consists of sieve cells, Strasburger cells
as well as axial and ray parenchyma cells. Sieve cells
are characterized by sieve areas on lateral and end
walls and are responsible for the long-distance
transport of solutes (Evert, 2006; Holbrook &
Knoblauch, 2018). The anatomical characteristics of
phloem are crucial for understanding its transport
capacity (Ronellenfitsch et al., 2015) and its response
to changing environmental conditions (Dannoura et al.,
2018; Gricar et al., 2018; Hesse et al., 2018; Salmon et
al.,, 2019). Seasonal structural changes of phloem
might provide useful information to understand its
physiological and biological function (Hao & Wou,
1992; Prislan et al., 2018).

Ginkgo biloba is a non-coniferous gymnosperm tree
species growing in China and widely cultivated as
ornamental tree throughout the world (Qie & Wang, 2011).
Studies on seasonal phloem formation are crucial to get a
comprehensive understanding about radial growth in G.
biloba. While its microscopic structure and phenology of
phloem have been reported by den Outer (1967) and Wang
(2014), seasonal observations of ultrastructural changes in
phloem cells in G. biloba are rare.

Phloem tissue in general can be divided into
conducting and nonconducting phloem. Conducting
phloem is mainly responsible for conducing
photosynthetic assimilates, while storage is the main
function of nonconducting phloem (Angyalossy et al.,
2016). In G. biloba, the conducting phloem can be
distinguished from the nonconducting phloem based on
the shape and dimensions of cells; sieve cells in
conducting phloem have a more or less square shape in
cross section, while the axial parenchyma cells have a
rounded shape and contain cytoplasm. Typically, sieve
cells are connected through plasmodesmata with
Strasburger cells, and both cell types have distinctive
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ultrastructural characteristics (Oparka & Robert, 1999).
Conduction of photosynthetic assimilates takes place in
sieve cells of the youngest conducting phloem which
accounts for a small proportion of the phloem tissue.
Nonconductive sieve cells are either covered with
callose in their sieve areas, or entirely free of this
substance (Evert, 2006). Nevertheless, it is unknown
how callose distribution varies among different seasons
in G. biloba phloem. Moreover, most conifers show
sieve cells that cease to function in the current year,
while temperate ring-porous hardwood species show
sieve elements that can remain functional for longer than
10 years (Holdheide, 1951).These sieve elements show a
seasonal pattern of dormancy and reactivation
seasonally, with auxin playing a potentially important
role (Aloni & Peterson, 1997). It is unknown how sieve
cells in G. biloba change seasonally especially from
ultrastructural level.

In most temperate species, phloem growth rings can
be clearly distinguished in the youngest phloem increment
based on differences in morphological features of early
and late phloem cells, as well as the presence of a
tangential band of axial parenchyma cells (Gri¢ar et al.,
2016). Besides, in the nonconducting phloem, the sieve
cells are more flattened and are not conductive anymore
(Evert, 2006). Furthermore, age-related secondary
changes can be observed, such as inflation of axial
parenchyma cells and development of sclereids (Esau,
1969; Evert, 2006). However, according to den Outer
(1967) phloem growth rings in Ginkgo biloba are
indistinct, composed of bands of 1~3 layers of sieve cells
alternate with bands of 1~2 parenchyma cells.

In recent years, the number of studies on phloem
anatomy have increased (Jyske & Teemu, 2014; Steppe et
al., 2015; Suuronen & Pranovich, 2015; Angyalossi et al.,
2016), as well as phloem transport mechanism (Holtta et
al., 2009; Holbrook & Knoblauch, 2018; Rockwell et al.,
2018; Schepper et al., 2013). Detailed investigation of
phloem seasonal changes especially in ultrastructural
level would be helpful for understanding their biological
functions. In this study, seasonal ultrastructural changes
of phloem (including conducting or nonconducting
phloem cells) of G. biloba were observed. The goals of
the study were: 1) to evaluate the timing of annual phloem
formation; 2) to directly compare the ultrastructural
differences of phloem cells (mainly sieve cells, phloem
axial parenchyma cells, and phloem ray parenchyma
cells) of G. biloba during different seasons.

Materials and Methods

Samples were collected from four healthy, 5-6 years
old G. biloba seedlings, with plant height of 90-100 cm,
in different season; i.e., in summer (June 15" 2018),
autumn (September 15" 2018), winter (December 15"
2018) and spring (March 15" 2019). These saplings
were previously sown in Beijing Institute of Landscape
Architecture, transferred to 10-L pots with organic soil
in spring of 2018. All seedlings were irrigated regularly
and maintained healthy. In April of 2018, these saplings
were transported to a glasshouse in the Chinese
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Academy of Forestry and allowed adaption in the
microenvironment for about one month before the
sampling started. During the whole sampling period, all
seedlings were well-watered.

In each season one individual seedling was selected
for sampling and observation. Sample blocks (1 mm*1
mm*2 mm) were collected from the middle part of the
main stems (around 1.5 cm in diameter at the sampling
position) of the seedlings and cut under water with fresh
razor blades. Each sample included phloem, cambium and
two to three youngest xylem growth rings. Immediately
after sampling, the blocks were stored in a fixative (2.5%
glutaraldehyde, 0.1 M phosphate buffer, pH 7.3) at 4°C
for different numbers of days due to labor shortage before
post-fixation. Subsequently, the samples were washed in
0.1 M phosphate buffer, rinsed and post-fixed with 2%
buffered osmium tetroxide for 2 hours. Following that, the
samples were dehydrated in a series of ethanol
concentrations (30%, 50%, 70%, 90%) and embedded in
Epoxy resin (SPI, Westchester, USA) at 60°C.

Transversal and radial semi-thin sections (about 200
nm thick) and ultrathin sections (about 70 nm thick)
were cut from the embedded samples with an
ultramicrotome (Leica EM UC6, Leica Microscopy
Imaging System, Buffalo Grove, USA). Semi-thin
sections were stained with 1% toluidine blue, and
ultrathin sections were double-stained with uranyl
acetate and lead citrate. Semi-thin sections were
photographed using a light microscope (Olympus BX
50, Olympus Corporation, Tokyo, Japan), and ultrathin
sections were photographed using a transmission
electron microscope, i.e., TEM (Tecnai Spirit, FEI
company, Hillsboro, USA). ImageJ software (National
Institutes of Health, Bethesda, Maryland, USA) was
used to evaluate morphological features of sieve cells
and parenchyma cells from semi-thin sections.

In this paper, we distinguish early and late phloem
growth rings of G. biloba; Early phloem growth rings
consist of only sieve cells arranging in radial rows with
scattering phloem parenchyma cells, while late phloem
growth rings start from a radial band of phloem axial
parenchyma cells and consist of alternating layers of
sieve cells and axial parenchyma cells. Sieve cells were
distinguished by almost empty cellular contents (in some
cases only with remaining of cytoplasm), while
parenchyma cells were distinguished by complete
cytoplasm and abundant cellular organelles. Tangential
and radial length of sieve cells and parenchyma cells
was measured from transversal semi-thin sections, and
axial length of sieve cells and parenchyma cells was
measured from longitudinal semi-thin sections (shown in
Fig. 1). Minimum 50 cells from younger phloem (3~15
layers of phloem cells from cambium) in each sample
per season were measured. Proportions of phloem
parenchyma cells were calculated from transversal semi-
thin sections for each season, dividing total area of all
phloem parenchyma cells by the total area of the
measured phloem area, with at least 100 parenchyma
cells measured in each sample.
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(a)

Fig. 1. Seasonal changes of the microscopic characteristics of phloem and xylem in Ginkgo biloba. Figure a-d show transversal
sections in summer, autumn, winter and spring, with samples collected on June 15th, 2018, September 15th, 2018 December 15th
2018 and March 15th, 2019, respectively. Figure e-f show longitudinal sections in autumn. Abbreviations are as follows: cg. current
year growth ring, cp. conducting phloem, cr. cambial ray cells, cz. cambium zone, EP. early phloem of current growing season, LP.
late phloem of current growing season, np. non-conducting phloem, pa. phloem axial parenchyma, pEP. early phloem formed in the
previous year, tEP, third-year early phloem, tLP, third-year late phloem, ph. phloem, pg. previous year growth ring, pLP. late phloem
formed in the previous year. pr. phloem ray parenchyma cells, pg. previous year growth ring, sc. sieve cell, sp. sieve pore, xr. xylem
ray parenchyma cell, xy. xylem. White arrow is the illustration of measurements on axial diameter, radial diameter and axial height of
phloem parenchyma cells.
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Fig. 2. Structure of cambium and phloem in G. biloba under light microscope. Figure a, c-d are transversal sections of phloem and
figure b is from longitudinal section showing cambium and phloem. Figures a-b and d show older collapsed phloem tissue. Figure 2a
and 2d are images at higher magnification of the third-year phloem growth ring in Figure la and 1d, respectively. Abbreviations: ac.
albuminous cells, c. crystal, cp. conducting phloem, cr. cambial ray cells, cz. cambium zone, EP. early phloem, LP. late phloem, tEP,
third-year early phloem, tLP, third-year late phloem, np. non-conducting phloem, pa. phloem axial parenchyma cell, pf, phloem fiber,
ph. phloem, sc. sieve cell, sp. sieve pore.

Results

Microscopic characteristics of phloem and its seasonal
variation: The phloem of Ginkgo biloba is mainly
composed of axially elongated sieve cells and
parenchyma cells as shown from both transversal and
radial sections (Fig. 1). The average tangential diameter,
radial diameter and axial length of sieve cells of the
younger phloem (3~15 layers of phloem cells from
cambium) are about 2442 pm, 8+1 pm and 13548 pm,
respectively. Sieve cells in the youngest phloem were
characterized by square shape with larger radial diameters
and slightly thicker cell walls compared to cambial cells.
Phloem axial parenchyma cells are arranged in tangential
bands, with average tangential diameter around 25+2 pm,
radial diameter around 1542 um and axial length 60+2
um in the younger phloem. The proportion of phloem
parenchyma cells (including axial parenchyma cells and

ray parenchyma cells) in the whole phloem tissue ranged
from 20% to 49% in different seasons, with 49% in winter
and 20% in summer. Compared with xylem ray cells, the
volume of all phloem ray cells enlarged significantly in
the older phloem tissue due to secondary changes (i.e.
expansion of parenchyma cells) (Fig. 1), and crystals were
also more frequent in phloem axial parenchyma cells of
the nonconducting phloem (Fig. 2b). Also, the sizes of
phloem axial parenchyma cells as well as its cell wall
thickness tended to increase due to secondary changes in
phloem (Figs. 1, 2). The lipid droplet density/frequency in
phloem parenchyma cells of the winter samples was
significantly higher than other seasons under light
microscopy (Fig. 1a-1d). Newly differentiated xylem cells
were observed during the growing season (summer
sampling). The width of youngest xylem growth ring was
417 pm, 117+8 pm and 132+9 pm in summer, autumn
and winter time respectively.
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Fig. 3. Ultrastructural characteristics G. biloba phloem in summer (June 15", 2018). (a) Phloem sieve cell in the youngest phloem
growth ring (3 cell layers away from cambium) are characterized with thin layer of cytoplasm attached to the cell wall. (b) in the
youngest phloem, sieve pores were occluded by the remaining of the cytoplasm. (c) Sieve pores located in old phloem growth ring (14
cell layers away from cambium). (d and f) Axial parenchyma cells located in youngest phloem (3 cell layers away from cambium). (e)
Amyloplasts in phloem axial parenchyma cells 5 cell layers away from cambium. (g) Ray parenchyma cell in youngest phloem. Figure
f is from longitudinal view and the rest are from transversal view. Abbreviations: cy. cytoplasm, er. endoplasmic reticulum, Id. lipid
droplet, mi, mitochondria, n. nucleus, nu. nucleolus, pl. plastid, s. starch, sp. sieve plate, sc. sieve cell, v. vacuole.

Fig. 4. Ultrastructural characteristics of phloem of G. biloba in autumn (September 15th, 2018). (a, c-e) Phloem axial parenchyma
cells located in youngest phloem, i.e., 3~4 cell lays away from cambium, (b) Collapsed sieve cells in older phloem, (f, g) Ray
parenchyma cells crossing cambium zone to the phloem, with plasmodesmata between ray parenchyma cells clearly visible. Figure e
is from longitudinal view and the rest are from transversal view. Abbreviations: cy. cytoplasm, Id. lipid droplet, mi. mitochondria, n.
nucleus, nu. nucleolus, pd. plasmodesmata, pr. parenchyma cells, r. rim, s. starch, sc. sieve cell, sp. sieve pore, ta. tannin, v. vacuole.
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Fig. 5. Ultrastructural characteristics of phloem from transversal sections of G. biloba in winter (December 15th, 2018). (a) Sieve
pores located in young phloem growth ring (11 cell layers away from cambium) with remaining’s of cytoplasm. (b) Sieve cells located
in old phloem growth ring showing open sieve pores (about 30 cell layers away from cambium). (c) Sieve cells located in old phloem
growth ring showing partly blocked sieve pores (about 34 cell layers away from cambium). (d) Phloem axial parenchyma cells in
previous year phloem. (e) Phloem ray parenchyma cells. (f) Newly formed phloem axial parenchyma cells (1 cell layers away from
cambium). Abbreviations: cy. cytoplasm, er. endoplasmic reticulum, Id. lipid droplet, n. nucleus, pl. plastid, s. starch, sc, sieve cell, sp.
sieve pore, v. vacuole.

Fig. 6. Ultrastructural characteristics of transversal sections of phloem of G. biloba in spring (March 15th, 2019). (a) Sieve cells
located in the newly developed phloem growth ring (3 cell layers away from cambium), with sieve pores partly blocked by remaining
of cytoplasm. (b) Sieve pores located in the phloem growth ring formed in previous growing season (17 cell layers away from
cambium), with sieve pores partly blocked by cytoplasm remaining. (c) Axial parenchyma cells in youngest phloem (4 cell layers
away from cambium), with large vacuoles and lipid droplets. (d) Plasmodesmata between axial parenchyma cells. (¢) Phloem ray cells
with large vacuoles. Abbreviations: 1d. lipid droplets, pd. plasmodesmata, s. starch, sc. sieve cells, sp. sieve pore, v. vacuole.
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The collapse of sieve cells was also more obvious in
older phloem closer to the cortex (Fig. 2d). With the
increase of phloem age, the shape of sieve cells changed
and became squeezed and partly collapsed. The collapse
trend of the sieve cells in the current year phloem is
(Fig. 1): about 20% collapsed sieve cells were present in
the current year early phloem (EP) during the growing
season, and there was almost no collapsed sieve cell in
the LP. In autumn, an increasing number of collapsed
sieve cells were observed in EP compared to those in
summer, while there was still almost no collapsed sieve
cells in the LP. In winter, there was a large amount of
collapsed sieve cells in the EP, but still there were no
collapsed sieve cells in the LP. In the next spring, about
97% collapsed sieve cells were present in the previous
year early phloem (pEP), while there was only 29%
collapsed sieve cells in the previous year late phloem
(pLP). In brief, current year early phloem sieve cells did
not show obvious collapse until post-growing season
time, i.e., in the winter time, while current year late
phloem were not collapsed in the whole year. Similarly,
previous year early phloem cells were mostly collapsed
while previous year late phloem cells remained non-
collapsed over the winter time. Along with the collapse
of sieve cells, the neighboring phloem parenchyma cells
appeared to enlarge in sizes with thicker cell walls.

Seasonal ultrastructural variation of phloem: In the
differentiated phloem closest to the cambium in all
seasons, ultrastructure of sieve cells was characterized by
relatively turgid shapes and mostly open sieve pores.
Cytoplasm was partly present in the cell lumina, or
distributed around sieve pores (Figs. 3a-3b, 4a, 5a, 6a).
Also, in older phloem sieve pores could be either open or
partly blocked by cytoplasm remains (5b-5c).
Nevertheless, no clear evidence on callose deposition in
sieve fields of the whole phloem tissue was observed. The
ultrastructure of phloem axial parenchyma cells and
phloem ray parenchyma cells was similar between the
sampling dates and they were characterized with dense
cytoplasm, large and few small vacuoles (Fig. 3d, 4c, 4d-
4f, 5d-5f, 6¢, 6e). Abundant lipid droplets and vesicles
were distributed in the cytoplasm of the phloem axial
parenchyma cells (Fig. 4d). Organelles such as nucleus,
nucleolus, a large number of mitochondria and
amyloplasts, substances such as tannins and lipid droplets
were distributed in phloem parenchyma cells (Figs. 3-6).
The plasmodesmata between phloem ray parenchyma
cells were clearly visible (Fig. 4g, 6d). In contrast,
ultrastructure of sieve cells varied in different seasons

Discussion

A distinguishing feature of phloem in G. biloba is
the abundance of phloem axial parenchyma cells,
occupying almost 49% of the total phloem area as
observed under the transversal section, which agrees with
previous study by den Outer (1967). Many angiosperm
tree species have sieve tubes normally surrounded by
abundant axial phloem parenchyma cells. In contrast, the
phloem of conifers consists mainly of sieve cells,
Strasburger cells, relatively less amount of axial and ray
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parenchyma cells (Schulz, 1990; Bowes, 1997; Sevanto,
2014, 2019), and specialized polyphenolic parenchyma
(PP) cells which defend parasitic and pathogenic
organisms in some species (Franceschi et al., 2000;
Krekling et al., 2000). While the Strasburger and
companion cells die when their partnered conducting
elements form callose and lose their protoplast, many ray
and axial parenchyma cells remain alive, in some cases
for more than 20 years (Spicer, 2014). G. biloba has
abundant phloem parenchyma cells storing nutrients and
water, the large vacuoles distributed in its phloem
parenchyma cells are crucial to maintain phloem cell
turgor, and numerous plasmodesmata in between phloem
axial parenchyma cells ensures efficient nutrients
exchange. In nonconducting phloem, some axial
parenchyma cells differentiate into sclereids in later
developmental stages, as observed from phloem fiber
cells of G. biloba.

It is generally believed that the wdith of the
conducting phloem is generally narrower than the
corresponding increment of xylem (Evert, 2006). During
ontogeny, sieve cells undergo a controlled disintegration
process known as “programmed cell semi-death” (Esau,
1969), where the larger cellular organelles are degraded
and removed, i.e., the nucleus gradually disintegrates, the
vacuolar membrane disappears as cytoskeletal elements,
ribosomes, Golgi bodies and the mitochondria are reduced.
Fully functional sieve cells therefore contain the plasma
membrane, a thin layer of parietal cytoplasm, composed of
mostly endoplasmic reticulum and mitochondria. Finally,
the collapse of the phloem tissue comprises the true death
of the sieve cells, with the decrease in turgor, related with
the cessation of photoassimilate conduction (Evert, 1990,
Van Bel, 2003). Meanwhile, the plasmodesmata between
sieve element walls are converted into sieve pores that
facilitate flow (Sj6lund, 1997). Collapse of sieve cells is
part of secondary changes in phloem and is an irreversible
process. Evert (2006) reported that phloem sieve cells in
branches of adult G. biloba were partly collapsed
especially in older phloem, while in our study seasonal
changes of sieve cell collapse was recorded more in detail.
It is interesting that early phloem sieve cells of G. biloba
were more prone to collapse compared with late phloem
sieve cells, which might be genetically controlled and also
affected by seasonal physiological activities. The
conductive sieve cells from different ages of phloem sieve
cells could coordinate with phloem parenchyma cells even
after growing season to transport nutrients. In addition, it
should be notified that the deciduous phenology of G.
biloba has major impact on the seasonality in the
secondary phloem structure shown in our study.

Studies have shown that substances such as remains
of cytoplasm, callose etc. often accumulate around all
the sieve pores of phloem in some gymnosperm species,
however, they are only distributed in conductive sieve
cells in other gymnosperm species including G. biloba
(Li, 2012), and callose is involved in the differentiation
of sieve pores (Nedukha, 2016). We were not able to
distinguish callose in our ultrastructural observations,
and substances accumulated in the sieve pores of newly
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developed sieve cells were regarded as remains of
cytoplasm in this species. The growing condition, i.e.
the glasshouse might be a potential factor influencing
the observed result in our study, such as complete
absence of callose. Nevertheless, it is unknown whether
the presence of cytoplasmic remains in phloem sieve
pores was in situ or due to injury during sampling. The
appearance of callose reduced efficiency of nutrient
transport in phloem (Koh et al., 2012), meanwhile
preventing viruses and other external threats (Yao et al.,
2012). Some researchers believe that the occlusion of
sieve pores by callose indicate important mechanisms
of phloem sieve pore formation, displacing cellulose
microfibrils in the wall so that large sieve openings
could be left behind afterwards. However, others
believe that it is produced as a response to mechanical
injury during sample collection or as a defense
mechanism against pathogens, and disappear when the
fixation solution is improved (Anderson & Cronshow,
1969; Zhao & Hu, 1985). This might apply to the
remains of cytoplasm blocking the sieve cells of our
study as well, while there is no clear evidence resolving
the controversy about the mechanism on its production
to our knowledge.

Conclusions

In conclusion, the collapse of phloem sieve cells
differed according to the ages, such as early phloem vs
late phloem, previous year vs current year and so on.
The collapse of sieve cells starts first in early phloem
and then gradually continues in late phloem. Early
phloem sieve cells in the current year phloem collapsed
at end of the growing season, while most late phloem
sieve cells were conductive all year around. Similarly,
previous year late phloem cells were mostly collapsed
while previous year early phloem cells were conductive.
The collapse of sieve cells were also more obvious in
phloem closer to the bark in the winter time. Our results
support previous findings that the collapse of sieve cells
is part of secondary changes in phloem and is an
irreversible process. In each season, with the increase of
phloem age, the proportion of sieve pores blocked by
unknown substances (probably the remains of
cytoplasm) tends to decrease. Most of the axial
parenchyma cells contain large vacuoles, lipid droplets,
starch and other substances in different seasons,
suggesting that no obvious seasonal ultrastructural
changes occur in phloem parenchyma cells.
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