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Abstract

The aim of this study is to describe and analyse the morphological characteristics of nuclei and the secondary wall
deposition in parenchyma and fiber cells during theleslbh@amboo growth cycle from shoots to old culms, with a further
purpose to assess the developmental differences between fibers and parenchyma cells and analyze the secondary wall
deposition mechanism. Initially the fiber wall thickness was less than thagbeyma cell thickness in young shoots, but
increased significantly after 1 year. Fibers elongated earlier than both their nuclei and parenchyma cells. Fiber nuclei also
elongated and presented the spindle shape in longitudinal section. The format&ongadion of long cells were involved
in the fast elongation of internodes. In mature culms, the ways of secondary wall deposition for fibers depended on their
diameter and positions. Large diameter fibers usually had more cell wall layers than naersw fib
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Bamboo is one of the fagtowing plants in the world and were maturing. The*Internodes of 1, 3and 5year
and it can finish its full height growth in several monthsold culms were designated as Stage 4.
because of the rapid growth of its internodeiegé, 1998). For microscope observation, samples were cut into small
In order to ascertain the rapid growth mechanism, a numbgieces and fixed. Young shoot samples were soaked in FAA
of researches focused on the developmental characteristicsfisfative and culm samples were softened for 2 months in a
cells,, the bamboo anatomy, and the growth motlave  mixture (50% glycerin + 50% ethanol). The young shoots
been conducted (Alvin & Murphy, 1988; Murphy & Alvin, werecui nt o 7em t hick (Paraffin s
1997a, b; Gischet al, 2004; Gritsch & Murphy, 2005; Gan 17um thick by using of a Leica sliding microtome. All of the
& Ding, 2008; Wanget al, 2012). All in all, the rapid sections were firstly soaked in 1% Safran in O (Sigra235)
internodal growth mainly relied on the cell development.stain overnight and soaked in 1% aqueous Alcian Blue (Fluka
Other studies involved the gene regulation features an@b500) stain for alu 3 min.
physiologicalduring bamboo shoot heightowth (Cuiet al, For Transmission Electron Microscope (TEM)
2012; Heet al, 2013). Despite all these studies a number obbservation, fresh samples were cut into the size of 2x2x2
guestions about the development of parenchyma cells amdn?, soaked i n t he Karnpvsky?®o
fibers and their secondary wall deposition during the fast 9 6 5 ) and embedded using Spur
elongation of shoot internodes remained unanswered. method of Gristsch and Murphy (2005

A previous study has shown that there are six differen
fiber types in bamboo culms (Gritsehal, 2004). InFargesia
yunnanensistwo types of secondary wall deposition was
distinguished (Wangt al, 2012). However, the factors that

affect the ways of secdary wall deposition in fibers and lead citrate for 15 and 10 min, respieely. The vascular

parenchyma cells in bamboo culms remain unknown. ;
Ili)tgndles were chosen from the inner and outer zones for

In this study we describe and analyze the developme servations (Fig 1B). The ultrathin sections were
of parenchyma cells and fibers from young shoots to matur%bserved with a JEM400 TEM.

culms ofFargesia yunnanensiicluding the mechanism of The wall thickness of parenchvma and fiber cells
secondary wall deposition in fibers and parenchyma cells. P y ,
located three bundles away from the outer andrizones

Materials and Methods of different specimens were measured using the Carl
Zeiss Imaging systems. The different portions of
Plant material and sampling: In this study, young shoots Internode 1, 3 and 5 ofweekold shoots were measured
and mature culms &f. yunnanensigiere chosen and cut as for the parenchyma and fiber wall thickness, as shown in
samples and all the samples were obtained in the bambédg. 1. The Internode 1 of-®eek and 12, 36 and 60
garcen of SWFU (Southwest Forestry University), Chinamonthold shoots and culms were also measured. The
(Table 1). In iweekold shoots, the development level data were recorded and analyzed using Microsoft Excel
decreased gradually with height, with the highest2010 and SPSS 13.0.
developmental level in thettinternode (Internode 1) (Fig. Hoechst 33342 stain was used to observe the nucleus
1A). On the basis of the age and develept of samples, fragmentation during apoptosis and mark the early stages
they were divided into four developmental stages (Fig. 1Apf programmed cell death (PCD) and was a good marker
Table 1). The %, 39 and ¥ internode above ground of 1 for apoptosis (Elbazt al, 2002; Gorpenchenket al,
weekold shoots were Stage 1 and 2. Theirdternode 2012).The stain was diluted to 1
samples of 2veekold shoot (M1) were designated as PBS. The paraffin sections were washed with DPBS after
Stage 3 and tlyehad completed their internodal elongation dewaxing and then stained for 10 min and washed.

I\/Iicroscopic observation: Paraffin sections were
detected under a converted fluorescence microscope
(Zeiss Axiovert 200M). Ultrathin sections were cut with a
diamond knife and double stained with uranyl acetate and



18¢ SHU-GUANG WANGET AL,

Table 1. Characteristics of internode samples from different developmental stages for microscopydahEM.

Sample Developmental stag¢Position Age  Characteristics
Apex material containing apex and-eiongate 1 week Very soft, faint yellow and enveloped tieely by
Stage 1 internodes including internode 19 and 17 purple culm sheaths
(Un-elongating stage, .\ = (urelongated) 1 week SOft: light yellow, 1.5 cm long, 0.8 cm in diame
Shoots and enveloped entirely by purple culm sheaths
15 cm in height L ; —
(15 cm in height) Internode3 (elongation initiate) 1 week Soft, light yellow, 20 cm long, 1.6 cm in diame!
Stage 2 and enveloped entirely by culm sheaths
El ti t . i in di
(Elongating stage) | . .4 (elongating) 1 week Hard, light yellow, 3 cm long, 2.0 cm in diame
and enveloped entirely by purple culm sheaths
Shoots Stage 3 Internodel 2 weeks Hard, yellow and green, 5 cm long, 2 cm in dian
(80 cm in height) (Maturing stage) (elongation completed and maturing) and enveloped entirely by purple culm sheaths
Culms Hard, bright green, ahenveloped by greyis
(9.71 m in height Internode 1 (matured) 12 momh“white culm sheaths
Culms Stage 4 Hard, yellowishgreen and enveloped by gray ci
(8.65 m in height (Matured stage) Internode 1 (matured) 36 months sheaths or sheathes decayed
Culms Internode 1 (matured) 60 months Hard, greyiskgreen and black culm sheat

(7.72 m in height “decayed

Internode 5

[nternode 3

Fig. 1. Tweekold shoots ofF. yunnanensié. Internodes aboveground were categorized as Internode 1, 3, 5 andBafédwe
transverse section of one shoot. The parenchyma and fiber cell walls in the inner zorecanérthone were measured, as indicated
separately by the green and red circles.

Results observed between the inner and outer zones. In general,
) _ parenchyma cells had thicker walls compared with fibers
Wall thickness of fibers and parenchyma cellsThe F. in 1- and 2weekold shoots (Fig. 2).

yunnanensisspecimens were divided into four stages Fig. 3 shows thel@nges in parenchyma cell wall and

based on their developmental level and &gable 1).  fiper wall thickness in the basal internode over time. Note
These stages are characterized by consistency, hardnegg,; e phloem fiber wall thickness in the outer zone
colour and condition of the culm sheaths. increased sharply from 12 months to 36 months; while in

In the inner zone of Internode 3 and 5 efvéekold the inner zone, it increased sharply from 36 menth60
shoots, the wall thickness of parenchyma cells was thicker ' Py

in the top than in the bottom (Fig. 2). Howeveite wall months. The wall thickness of protoxylem fibers in the
thickness of parenchyma cell of Internode 1 showed thiN€r zone was thinner than that of other fibers (Fig. 3).
opposite trend, with the highest values in the bottoml N€ wall thickness of parenchyma cells in the outer zone
(Y1Bot). In Internode 1 of veekold shoots (M1), the Was thicker than that of those parenchyma cells in the
wall thickness of parenchyma cells changed with heightinner zone at all agesbut the difference was slight.
with the highest values ithe top (M1Top). Besides that, Additionally, the parenchyma cell wall thickness also
no significant differences of cell wall thickness wereincreased slightly with age.
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Fig. 3. Thedynamic changes of fiber and parenchyma cell wall thickness of internode 1 with development.
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Development ofstagel: The anatomical characteristics of based on the fiber elongation and the rapid parenchyma
parenchyma and fiber cells in the-elongated internodes cell division (intercalary meristem).
(Internode 5, 17 and 19) were revealed ig $tage.

In longitudinal section (LS) of Internode 19, some Development ofstage2: The anatomical characteristics of
fibers start to elongate and their nuclei were still roundfibers and parenchyma cells were separately revealed during
while in other elongating fibers, their nuclei began tothe initiation of internodal elongjan (Internode 3) and the
elongate (Fig. 4A and B). This suggested that fibergapid internodal elongation (Internode 1) in this stage.
elongate prior to the nual elongation. Most fibers had In Internode 3, few nuclei could be observed in fiber
large vacuoles and had an elongate rectangular shapedells in both inner and outer zones (Fig. 6A and B).
contrast to the squarish parenchyma cells, as seen ktowever, more nuclei were seen in the parenchyma cells
transverse section (TS), implying that fiber cells elongate@f the ouer zone than those of the inner zone (Fig. 6C and
earlier than parenchyma cells. However, few vacuolmew D). In the inner zone, most parenchyma cell nuclei
observed in parenchyma cells, but large and prominemondensed to the crescent shape and were pressed to the
nuclei could be easily observed. Therefore, the initiation ofvalls (Fig. 6C and F). Under TEM, the disintegration of
fiber elongation did not cause the elongation of internode atytoplasm and the occurrence of vacdife vesicles
this time. Furthermore, the shape of the peripheral fibewere observed in fibers (Fig. 6E). Similar phenomena also
cells of fiber &ieath was similar to that of parenchyma cells,occurred in the cytoplasm of parenchyma cells (Fig. 6F).
but with longer longitudinal length (Fig. 4A and E). The In Internode 1, few nuclei were observed in most
fiber nuclei also elongated to a spindle shape in LS anfibers except those close to vascular elements or at the
condensed to a crescent shape in TS, close to cell wakslge of fiber sheath iboth innerand outer zones (Fig.
(Fig. 4B, E and F). 7A and C). More parenchyma cells in the outer zone had

At this stage, mdsith cell nuclei began to condense nuclei compared with those in the inner zone (Fig. 7B and
or fragmented into two parts (Fig. 4C). A similar trend C). With fiber elongation, its nucleus also elongated and
was also shown in parenchyma cells adjacent to the pitpresented a spindle shape in LS, while the paranahy
(Fig. 4D). However, most parenchyma cells aroundcell nucleus still presented roundness, showing that their
vascular bundles had prominent nuclei compared wittuclei did not elongate with the cell elongation (Fig. 7D).
fiber cells (Fig. 4E and F). The large and prominent nucleAdditionally, the fiber cells at the fiber sheath boundary
were also observed in those fiber cells close to vasculd@oked more like parenchyma cells; based on the larger
elements, especially in the outer zone, more fiber cellimina and the flaér, rather than the sharper end walls,
had nuclei (Fig. 4F and G), which indicated that theexcept for their longer length. Both long and short cells
development of the vascular bueslin the inner zone were formed during this period, suggesting that
was earlier than that of vascular bundles in the outer zongarenchyma cell elongation was involved in the rapid
Therefore, the developmental level of vascular bundlegnternodal elongation (Fig. 7D). The wall corners of a few
decreased gradually from the inner zone to the outer zonéibers adjacent to phloem were also lignified at this stage
Parenchyma cells between different zones showed @ig. 7E). The clearance of cytoplasm occurred in
similar trend. Most fibers in the middle of the fiber sheathconsiderable numbers of fiber cells until only a few
showed few nuclei in TS, whereas in LS, most fibervacuolelike vesicles were left (Fig. 7F). Different
nuclei could still be observed. This result was due to thgarenchyma cells had different develapital levels (Fig.
longitudinal elongation of fibers, but not the 7G). While plasmolysis in some cells was occurring, the
disappearance of nuclei (Fig. 4E &fd cytoplasm in others had almost fully ruptured.

In Internode 17, the nuclei of most pith cells had
disappeared and the rest presented a crescent shape (fig§velopment ofstage3: This stage mainly revealed the
5A). However, in the parenchyma cells of the inner zone@natomical characteristics of parenchyma cells and fibers
most nuclei condensed to crescent shape or fragmentéder the cessatioof the internodal elongation.

(Fig. 5B). In addition, there were no nuide be observed Either in the inner or outer zone, most fibers and
in most fibers in the middle of fiber sheath, butparenchyma cells had lost their nuclei at Stage 3 (Fig. 8A
conspicuous nuclei could be observed in fibers adjacent @1d C). However, small nucleus residues were still seen in
the vascular element (Fig. 5C). This also suggested that few parenchyma cells close to bundle sheath and culm
fibers in the middle sheath elongated faster than thosgin (Fig. 8B and D). The residual nucleus could also be
close to the vastar element. In LS of vascular bundles, it observed in those fibers adjacent to vascular elements
could be noted that most fibers had started elongatinffFig. 8C). In addition, some fibers could form a fiber
with the elongated nuclei, suggesting that the fibeisheath and develop themselves in the outer zone, rather
elongation did not caused the internodal elongadiotihis ~ than rely on any vascular elemgfrig. 8D). It was also

time (Fig. 5D). noted that the long cells further elongated at this stage,

In Internode 5, most parengia cells had prominent but no significant changes occurred in short cells (Fig.
nuclei. However, few fibers had nuclei in the middle of8E). Meanwhile, significant lignification and secondary
the fiber sheath (Fig. 5E), except for those close tavall deposition occurred in the fiber sheath and those
vascular elements or at the edge of the fiber sheath, whigiarentiyma cells between phloem and metaxylem, as
had the condensing chromatin and small vacuoles (Figghown by the redder stain (Fig. 8F and G). Moreover, the
5E,Gad H) . Mor eover, ma ny [fikens eatjadent ni@ vasculan telenientsw éad e higher
observed at the bottom of the -sfongated internode lignification degrees than those adjacent to parenchyma
(I nternode 5) (Fig. 5F) . celsdrigh8F).praerrezldecstay malied dighantemt 6f wa s
originated from one cell and caused by the fast cellignin in intercellular spaces as well as middle lamellas of
division. It indicated that the internode differetita was fibers and parenchyma cells.
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Fig. 4. Stage 1: Uelongated internodes close to apex of the immature shoot (Internode 19). TEM (A. B) and fluorescence
micrographs (€G).

(A) LS of periphery of fiber sheath. Big and round nuclei (N) can be seen in parenchyma cells (black arrow). Fiber cells begin to
elongate, but their nucleus is still round (red arrow) P, parenchyma cell. F, fiber cells. V, vacuole.

(B) The elongating fiber nuclelNu, nucleolus.

(C) Parenchyma cells in pith, showing more condensed nuclei (red arrow) and fragmented nuclei (green arrow).

(D) Parenchyma cells adjacent to pith cells in inner zone with fragmented nuclei (red arrow).

(E) LS of fiber sheath (F) and marchyma cells (P). With the fiber elongation, their nuclei elongate gradually (red arrow). The whole
nucleus finally condenses to be the spindle shape (yellow arrow). At this stage fiber cells is similar to parenchyncapteiferx

longer length andrerter diameter.

(F) TS of vascular bundles in the inner zone. Different fiber cells have different nucleus shape, such as crescens)raxdaroond
shapes (green arrow). Most parenchyma cell nuclei are big and round, but a few begin to condenagdwhiand fragment to two

parts (yellow arrows).

(G) TS of vascular bundles and parenchyma cells in the outer zone, showing more prominent nuclei.
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Fig. 5. Stage 1: Urlongated internodes of the immature shoot (Internode 17 and 5). Fluoresc&@n@ATEM micrographs (G, H).

(A) Crescent nuclei in pith cells of Internode 17. CN, crescent nucleus.

(B) Parenchyma cells close to pith in the inner zone, showing the condensed nuclei.

(C) Fiber sheath in the inner zone. Few nuclei can be observeadsi fibers, except for those adjacent to vascular element.

(D) LS of a fiber sheath, showing the elongating fibers with the elongated nuclei. P, parenchyma cells. F, fiber celisyMrmessel.

(E) Vascular bundle of Internode 5, showing the ksintrend to that of Internode 17.

(F) LS of parenchyma of I nternode 5. Sever al parenchyma cel
indicated by red curve.

(G) Fiber cells adjacent to metaxylem, showing condensed chromatari@ed and small vacuoles (V) in cytoplasm. MX, metaxylem.

(H) The fiber cells at the periphery of fiber sheath, showing the increasing degree of vacuolization and condensed (cadbmatin
arrow). Cytoplasm in other fibers is also pressed to the walladthe high vacuolization (black arrow). V, vacuole.

Development ofstage4: This stage mainly revealed the be observed between féifent locations. The secondary
anatomical characteristics of fibers and parenchyma cellwalls of parenchyma cells between phloeand
in the P internode (Internode 1) of the matured culmsmetaxylem deposited significantly. In the central part of
(36- and 60month-old). the fiber sheath, different fibers had different methods of
In the internode of 3émonthold culms, fiber walls secondary wall deposition. The large diameter fibers
deposited significantly, especially those in fiber sheathsisuallyhad more layers of walls and larger lumina; while
close to metaxylem (Fig. 9A). The wall deposition degreghose small diameter fibers had fewer layers of walls and
of most fibers in the fiber sheath close to protoxylem wagheir walls thickened more fully (Fig. 9B). Riairs were
far lower than that of fibers in thigber sheath close to observed clearly between fiber walls. The redder stain
metaxylem and phloem. The fibers adjacent to showed the high lignin content the intercellular space
protoxylem and phloem had higher lignification degree,and middle lamella of fiber walls (Fig. 9C and D). Lignin
than those adjacent to parenchyma cells. However, iwas also present in the middle lamella of parenchyma
metaxylem fiber sheaths, no significant difference couldcells (Fig. 9E). Under TEM, some parenchyma cleés
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depositedmore secondary wall layers (Fig. 9F). Largefibers at the periphery of fiber sheath and around phloem
intercellular space was still observed at this stage. Inor metaxylem had more secondary wall layers (Fig. 9G,
addition, a little residual cytoplasm could still be seen taH, | and J); while those small diameter fibers in the
close to the wall in some parenchyma cells. central part of the fiber sheath were fully thickened with
At the boundary of the fiber sheath, different fewer layers.Intercellular space and compound middle
secondary deposition methods were shown. Usually itamellae (CML) between fibers were electrdenser than
those lage diameter fibers, the early deposited wall layersother layers of walls, implying continual lignification.
assembled more tightly (from S1 to S8), suggesting tha®arenchyma cells in vascular bundles between metaxylem
increasing the number of layers was the main depositionessels and phloem also had more secondarylayadls
method during their early secondary wall thickening(Fig. 9K), which revealed a common rule: the larger the
process (Fig. 9G and H). Generally, skdarge diameter cell size was, the more layers the secondary wall had.

Fig. 6. Stage &: The early stage of elongation of Internode 3. Fluorescent® ghd TEM micrographs (6).

(A) Vascular bundlén inner zone, showing the nuclei distribution. Only a few fiber cells adjacent to protoxylem had nuclei.
(B) Vascular bundle in the outer zone, showing more conspicuous nuclei (white arrow).

(C) Parenchyma cells in the inner zone, showing the condenstal close to cell wall.

(D) Parenchyma cells in the outer zone, where more conspicuous nuclei can be observed.

(E) The clearance of fiber cytoplasm with a few vactitde vesicles occurred (black arrow).

(F) The shrinkage of cytoplasm in parenchynadl, cshowing the condensed nuclei (black arrow) and vadika@evesicles in
cytoplasm (red arrow).
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Fig. 7. Stage 22: The fast elongation stage of Internode 1. Fluorescen&,(Aght (E) and TEM micrographs {6).

(A) TS of vascular bundle in thaner zone. Few nuclei can be observed in fibers.

(B) Parenchyma cells, showing few nuclei.

(C) TS of vascular bundle in the outer zone with few nuclei in fiber cells, but with more nuclei in parenchyma cellsrowjite a

(D) LS of parenchyma and fibeells at the periphery of bundle sheath showing the condensed nuclei (white arrow) in parenchyma
cells and a few long spindle nuclei (green arrow) in fibers. The shape of fibers (F) at the periphery of vascular btiniersrea

like parenchyma cellfut with much longer length. Short cells also formed at this stage (red arrow).

(E) TS of fiber sheath, showing the lignification in the wall corners of fibers adjacent to phloem.

(F) TS of fibers close to parenchyma cells, showing the clearance ofasroplith a few vacuoléke vesicles left.

(G) TS of parenchyma cells, showing the plasmolysis (red arrow) and the shrinkage (green arrow) and clearance (yellfw arrow)
cytoplasm. SG, starch grain.
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Fig. 8. Stage 3: The maturing Internode 1 with thgsation of elongation (M1). Fluorescencelffand light micrographs ¢E).

(A) Vascular bundle in inner zone with few fiber nuclei.

(B) Several crescent nuclei in parenchyma cells around fiber sheath (red arrow).

(C) Vascular bundle in the outer zofmly a few nuclei could be observed in those fiber cells adjacent to vascular elements (red arrow).
(D) Fiber sheath close to culm skin without vascular bundle. Nuclei can still be observed in some parenchyma cellbelogento t
skin (red arrow).

(E) LS of long and short cells. Long cells elongated significantly, but no significant changes occurred in short cells.

(F) Secondary wall deposition and lignification in intercellular spaces and middle lamellas (black arrow) in phloemdthemashe
indicated by the redder stain. Ph, Pholem.

(G) Parenchyma cells between metaxylem (Mx) and phloem (Ph) showing the lignification at the wall corners (arrow).



