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    Abstract     Short- and long-distance transport in woody plants is performed within 
two different systems of apoplasm and symplasm. Although the apoplasmic route of 
transport via dead conductive elements dominates in trees, the presence of intercon-
nected living cells in xylem suggests the involvement of the symplasmic route in the 
transportation and communication processes occurring in wood. In this chapter, an 
attempt will be made to demonstrate and review the numerous functions of living 
xylem cells and the role of symplasmic transport in the secondary xylem of seed 
plants. The anatomical and ultrastructural characteristics of xylem parenchyma, 
refl ecting the participation of living cells in the accumulation and distribution of 
stored compounds via symplasmic routes, will be presented. The involvement of 
living xylem parenchyma cells in the aspects of sugar transport and exchange at the 
symplasm/apoplasm interface, embolism repair, defense mechanisms against vas-
cular pathogenic infection, and differentiation processes of xylem elements will be 
reviewed to emphasize the crucial impact of symplasmic transport and communica-
tion processes, via plasmodesmata, on integration and proper functioning of trees.  
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4.1         Introduction 

 Secondary xylem is a heterogeneous tissue composed of both dead and living cells. 
Conductive elements like tracheids and vessels, as well as strengthening dead fi bers, 
form the apoplasmic system, which itself is responsible for the long-distance 
 transport of water and solutes in woody plants. In addition, a counterpart system for 
short- and long-distance symplasmic transport is formed by the living fi bers and 
parenchymatous cells of the secondary xylem. Both the apoplasmic and symplas-
mic systems are closely integrated and cannot function alone. Thus, transport in 
woody plants has to be considered as a whole, as a union of apoplasmic and sym-
plasmic parts. Fast apoplasmic transport prevails in the secondary xylem and thus is 
studied intensively (Holbrook and Zwieniecki  2005 ). However, the presence of a 
spatial and continuous system of different types of living cells in the secondary 
xylem region enables symplasmic communication in this tissue and provides effi -
cient routes for short- and long-distance symplasmic transport in woody plants. 
Living xylem cells are involved in different physiological and developmental pro-
cesses, where more careful control over intercellular transport and communication 
is necessary (Barnett  2006 ). For example, they provide routes for the transport of 
photoassimilate and solutes between living cells of the xylem, phloem, and cambial 
regions and between living and dead cells at the symplasm/apoplasm interface 
(Sauter  1982 ; Sauter and Kloth  1986 ; Améglio et al.  2004 ). They produce chemical 
weapons during vascular pathogen infection (Benhamou  1995 ), infl uence the dif-
ferentiation processes of xylem elements (Lachaud and Maurousset  1996 ), and par-
ticipate in the refi lling of embolized vessels (Salleo et al.  2004 ; Améglio et al. 
 2004 ). Although many of the processes involving living xylem cells are rather still 
unknown, we are slowly beginning to understand the signifi cance of symplasm in 
the regulation and integration of woody plant function.  

4.2     Living Cells Are Essential Components 
of Wood of Seed Plants 

 All the elements of secondary conductive tissues are produced by cambium, the 
lateral meristem of woody plants. Cambium is composed of two different types of 
initials—ray and fusiform—whose division activity gives rise to the radial and axial 
system of the secondary xylem and phloem elements. Thus, the living cells in wood, 
as derivatives of cambial cells, are incorporated into both of these two systems of 
radial and axial secondary conductive tissues (Larson  1994 ). 

 Additionally, two different regions can be distinguished within the volume of the 
secondary xylem. The outer wood region in the vicinity of cambium, where living 
xylem cells occur, is called sapwood. The inner wood region, close to the center of 
the trunk, which does not contain living cells and in which reserve storage materials 
are removed or converted into secondary metabolites, is called heartwood (Carquist 
 1988 ; Romberger et al.  1993 ). 
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4.2.1     The Living Cells of the Radial System 

 The radial system in wood is composed of rays—groups of cells that extend radially 
from the cambium in two directions: to the pith (centripetally) forming xylem rays 
and towards the cortex (centrifugally) creating phloem rays. Xylem rays are usually 
formed by living parenchymatous cells, although different specialized cells can 
additionally occur in some taxa of gymno- and angiosperms. For instance, rays can 
include ray tracheids (Bannan  1934 ,  1941 ), radial vessels (Botosso and Gomes 
 1982 ), radial fi bers (Lev-Yadun  1994 ), as well as radially orientated canals or cavi-
ties fi lled with resin, mucilage, and oils (Carquist  1988 ; IAWA  1989 ; LaPasha and 
Wheeler  1990 ). 

 Rays can be classifi ed as uniseriate, when they are only one cell wide, or multi-
seriate, where two or more cells are present in the widest point of the ray viewed at 
the tangential plane (Fig.  4.1 ). Another feature describing the rays from an anatomi-
cal point of view is their height, which is defi ned by the number of cells located 
between both (apical and bottom) ends of a particular ray along vertical line 
(Fig.  4.1 ; Carquist  1988 ; IAWA  1989 ). The living parenchymatous ray cells of 
angiosperm can be also subdivided into three different morphological types based 
on the shape of ray cells at the radial plane: upright when the cells are axially higher 
than wide, procumbent when the radial dimension of the cell is longer than its 
height, and square when cells are as tall as wide. If the ray is composed of only one 
cell type, e.g., exclusively procumbent, it is a homogenous ray. If other morphologi-
cal types of parenchymatous ray cells or additional specialized elements, such as 
ray tracheids, are present, the ray is classifi ed as heterogeneous (Fig.  4.1 ; Metcalfe 
and Chalk  1983 ; Carquist  1988 ; IAWA  1989 ). Finally, the xylem ray cells neighbor-
ing the tracheary elements can be divided into two categories (Fig.  4.2 ): contact 
cells which commonly have pits with tracheary elements and isolation cells that 
lack pit connections with tracheary elements or have sparse pitting (Höll  1975 ; 
Czaninski  1977 ; Gregory  1978 ; Murakami et al.  1999 ).

    All features of ray anatomy, useful for taxonomists, are a direct consequence of 
the defi ned roles that particular xylem elements perform in the plant. In this light, 
the spacing and dimension of xylem rays result from the necessity to transport sol-
utes in radial direction in woody plants. Rays are specialized highways for radial 
transportation within the xylem region and with neighboring tissues, especially 
towards to the cambium and phloem. Thus, their distribution has to be precisely 
regulated by the controlled spacing of ray initials in cambium. The latter is con-
trolled by interactions between regulatory factors, presumably ethylene and auxin 
(Lev-Yadun and Aloni  1991 ,  1992 ,  1995 ). Formation of new ray initials and the 
enlargement of existing ones are induced by ethylene, while the presence of ray 
tracheids, vessels, and fi bers within the rays results from radial auxin movement. 
Similarly the formation of specifi c morphological types of ray cells is the effect of 
hormonal interaction between axially transported auxin and radially spreading eth-
ylene. If one of the hormones prevails, the cell shape changes in accordance with the 
direction of dominant hormone movement. If both of these hormones are balanced, 
the cells maintain a square shape (Lev-Yadun and Aloni  1991 ,  1995 ). 
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  Fig. 4.1    The radial system of xylem parenchyma in seed plants. ( a – d ) Different types of xylem 
rays and their arrangement in the wood of gymnosperms. ( a – c ) Transverse ( a ), tangential ( b ), and 
radial ( c ) sections of  Abies  sp. wood. Homogenous rays, one cell wide (uniseriate), are frequent. 
The cell shape of some ray cells is outlined by  solid lines ; a double-head  solid line  indicates the 
height of the xylem ray. ( d ) Tangential section of  Picea  sp. wood. A heterogeneous multiseriate 
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  Fig. 4.2    Contact ray cells in seed plants. Xylem rays neighboring tracheids ( a ,  b ) and vessels 
( c ,  d ) are presented in radial sections of the secondary xylem of  Pinus  sp. ( a ),  Picea  sp. ( b ), and 
 Salix  sp. ( c ,  d ). Large pits of contact cells are clearly visible; they are indicated by  arrowheads ; the 
borders of some contact pits are marked by  solid lines . In heterogeneous rays of  Salix  sp., contact 
ray cells and isolation ray cells are labeled.  CC  contact cells,  IC  isolation cells. Microphotographs 
were taken in white transmitted light, scale bars: 20 μm ( a ,  b  courtesy of Dr. E. Myśkow)       

Fig. 4.1 (continued) ray, containing a resin canal (indicated by an  arrowhead ), is visible between 
homogeneous uniseriate xylem rays. ( e – j ) Different types of xylem rays and their arrangement in 
the wood of angiosperms. ( e ) Diffuse-porous wood, containing multiple vessels with approxi-
mately similar dimensions, is shown in a transverse section of  Populus  sp. Frequent narrow xylem 
rays are present. ( f ) Magnifi cation of a microphotograph ( e ). Uniseriate xylem rays surrounding 
vessel element are clearly visible. ( g ) The ring-porous wood, with large vessels produced at the 
beginning of the season and narrow vessels formed in its second part, is shown in a transverse sec-
tion of  Quercus  sp. Frequent uniseriate and characteristic multiseriate rays are presented. ( h ) 
Horizontal bands of xylem rays are visible on a radial section of  Quercus  sp. wood. ( i ,  j ) 
Heterogeneous, multiseriate rays of  Cornus  sp. are shown in radial ( i ) and tangential ( j ) sections of 
the secondary xylem. Procumbent ray cells are present in the center of xylem rays, upright ray cells 
are visible at the ray margins, while square ray cells are located between procumbent and upright 
cells.  R  xylem ray,  Rp  procumbent xylem ray,  Rs  square xylem ray,  Ru  upright xylem ray,  T , 
tracheid/s,  V  vessel;  dashed lines  show the border of annual ring. Microphotographs were taken in 
white transmitted light; scale bars: 100 μm ( a – e ,  g – j ) and 20 μm ( f ) ( g – j  courtesy of Dr. E. 
Myśkow)       
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 The size of the rays changes during their ontogeny and strongly depends on plant 
growth rate. Rays become bigger as they age refl ecting developmental events occur-
ring in the cambial ray initials (Barghoorn  1941a ; Evert  1961 ; Cumbie  1967 ; 
Ghouse and Yunus  1973 ; Myśkow and Zagórska-Marek  2004 ,  2008 ,  2013 ). The 
number of xylem rays and their volume in the total mass of the xylem region differ 
among vascular plants, but usually ranges between 8 and 25 % (Ghouse and Yunus 
 1974 ; Šćukanec and Petrić  1977 ; Gregory  1977 ), although in some tropical trees, 
e.g.,  Dillenia indica , the volume of ray initials can reach up to 75 % of the total 
volume of the wood (Ghouse and Yunus  1974 ). Moreover, in fast-growing trees, 
where radial growth leads to intensive circumference expansion, the ray size and the 
number of cells in particular rays increase rapidly (Bannan  1965 ; Gregory  1977 ). 
There is also a positive relationship between leaf area and the volume of ray 
 parenchyma cells in outer sapwood (Gartner et al.  2000 ). 

 Rays may also affect cambial activity. One exquisite and striking example of this 
is the impact of rays on the maintenance of the meristematic character of cambial 
fusiform initials. The fusiform initials that are in direct contact with ray initials, or 
are in their close vicinity, maintain a meristematic identity. Conversely, the lack of 
such contacts and their more distant localization may induce the conversion of a 
fusiform initial into a new ray initial, or the loss of its meristematic character, lead-
ing to cell differentiation (Bannan  1965 ). The nature of signals transported from ray 
to fusiform initials, securing their meristematic state, is unknown.  

4.2.2     Living Cells of the Axial System 

 Long-living cells of nucleated fi bers and axial parenchyma cells can occur in the 
axial system of sapwood derived from cambial fusiform initials (Metcalfe and 
Chalk  1983 ; Carquist  2010 ). These cells are surrounded by secondary cell walls 
with numerous pits and can have a transverse septate. Living fi bers and axial paren-
chyma have similar functions in woody plants. They are involved in sugar exchange 
at the symplasm/apoplasm interface (Sauter  1982 ; Améglio et al.  2004 ) and in the 
process of starch accumulation (Sinnott  1918 ; Ziegler  1964 ; Yamada et al.  2011 ). 
They also participate in long-distance symplasmic transport, through the formation 
of vertically orientated pathways for the spread of solutes, being simultaneously in 
direct contact with oppositely orientated rays (Fig.  4.3 ; van der Schoot and van Bel 
 1989 ; Sokołowska and Zagórska-Marek  2012 ).

   Specifi c distribution of the axial parenchyma cells among other xylem ele-
ments is important from the taxonomical point of view, while also giving addi-
tional information about the function of living cells in wood. Axial parenchyma 
cells rarely occur in gymnosperms, whereas in angiosperms they are more fre-
quent and can form various patterns, e.g., in  Alnus glutinosa  or  Crataegus  sp., 
where parenchyma cells are sparsely localized, while in  Ficus  sp., they are 
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  Fig. 4.3    The axial system of xylem parenchyma in angiosperms. ( a ) Strands of axial terminal 
parenchyma cells are shown in the tangential section of the secondary xylem of  Ulmus  sp. The 
cells have tapered ends and maintain the shape of fusiform cambial initials, from which they 
derived. ( b – f ) Different types of apotracheal ( b – d ,  f ) and paratracheal ( e ) axial parenchymas are 
presented in transverse sections of  Juglans  sp. ( b ),  Cornus  sp. ( c ),  Ficus  sp. ( d ),  Acer  sp. ( e ), and 
 Betula  sp. ( f ) wood. Axial parenchyma cells are marked by  arrowheads  on microphotographs ( b ), 
( c ), ( e ), and ( f ). ( b – d ) In the apotracheal type, narrow ( b ,  c ) or wide ( d ) strands of axial paren-
chyma cells are distributed perpendicular ( b ,  d ) or parallel (   c ) to the xylem rays. ( e ) In the paratra-
cheal type, axial parenchyma cells are closely associated with vessels. ( f ) Terminal parenchyma, 
the characteristic type of apotracheal parenchyma, is formed at the end of growing season and it is 
localized alongside the border of annual ring.  Ap  axial parenchyma,  R  xylem ray,  Tp  terminal 
parenchyma,  V  vessel;  dashed line  shows the border of annual rings. Microphotographs were taken 
in white transmitted light, scale bars: 50 μm ( a ,  b  courtesy of Dr. E. Myśkow)       
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abundant and form wide bands of living cells in the xylem region (Fig.  4.3 ; 
Metcalfe and Chalk  1983 ; Carquist  1988 ; IAWA  1989 ). Two major types of axial 
parenchyma—apotracheal and paratracheal—can be distinguished based on the 
type of cell distribution in regard to vessels (Fig.  4.3 ). In paratracheal paren-
chyma, the most common in angiosperms, the living cells surround tracheary 
elements and form an incomplete or complete sheath around the vessels. In the 
case of apotracheal types, the cells of axial parenchyma are distributed without 
relation to the vessels, being usually sparsely localized in the xylem region. 
When apotracheal parenchyma cells are more frequent, they can aggregate, form-
ing smaller groups or bands among the other xylem elements. Moreover, axial 
parenchyma cells can be closely associated with growth rings, forming narrow 
bands at the beginning (initial parenchyma) and at the end (terminal parenchyma) 
of the growing season (Fig.  4.3 ). The latter type is clearly more frequent in woody 
plants (Braun and Wolkinger  1970 ; Metcalfe and Chalk  1983 ; Carquist  1988 ; 
IAWA  1989 ).  

4.2.3     Xylem Parenchyma Cells: Classifi cation Based 
on Cell Function 

 The cells of both axial and radial xylem parenchyma play different functions in 
sapwood. They can form storage tissue, where accumulation and remobilization of 
the storage substances take place, or they can serve as specialized cells which are in 
contact with conducting elements and are involved in exchange at the symplasm/
apoplasm interface (Czaninski  1977 ; Barnett  2006 ). 

 The terminology of the latter, specialized xylem parenchyma cells, is diverse. 
Generally, these cells are described as “accessory tissue” that is formed by paren-
chymatous cells closely associated through numerous pits with the tracheids or 
vessels. Accessory tissue includes the contact cells of xylem rays and paratracheal 
parenchyma cells abutting the tracheids in gymnosperms and vessels in angio-
sperms (Braun  1984 ). According to another, more narrow classifi cation, “contact 
cells” are defi ned as specialized groups of living axial and radial xylem paren-
chyma cells that are not only contiguous with tracheary conducting elements but 
are particularly involved in solute exchange between the symplasm and apoplasm 
in wood (Gregory  1978 ). In angiosperms, a narrow term of “vessel-associated 
cells,” which refers to the xylem parenchyma cells facing the vessels and physio-
logically linked with them, was proposed by Czaninski ( 1977 ). Alternatively, it 
has been suggested to maintain the term “contact cells” as a broader and more 
accurate defi nition, true for all seed plants (Gregory  1978 ). In recent literature 
both expressions are used frequently and alternatively, because the biological 
functions of contact cells in seed plants and vessel-associated cells in angiosperms 
are similar. In this chapter the term “contact cells” will be used and refer to all 
seed plants.   
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4.3     Cellular Organization of Xylem Parenchyma Cells 

4.3.1     Metabolic Activity and Vitality 

 Xylem parenchyma is composed of long-living cells which are metabolically active 
during the whole year (Fig.  4.4 ). Judging by cell respiration, the metabolic rate is 
estimated to be slightly higher in xylem parenchyma cells than in storage tissues, 

  Fig. 4.4    The metabolic activity and symplasmic coupling of xylem parenchyma cells in the 
 sapwood of  Acer pseudoplatanus . ( a ) The metabolic activity of xylem parenchyma cells was con-
fi rmed by staining with thiazolyl blue. The dark color of formazan, the product of mitochondrial 
dehydrogenases activity in thiazolyl blue reaction (marked with  arrowheads ), is visible in the 
xylem rays and in the cytoplasm of paratracheal and terminal axial parenchyma cells. ( b – d ) 
Symplasmic connectivity between living xylem parenchyma cells visualized by carboxyfl uores-
cein (CF). After loading of carboxyfl uorescein diacetate solution into the maple branches through 
the vascular system and its conversion to fl uorescent tracer—CF in the living cells—the dye was 
transported symplasmically within the spatial system of living cells in the secondary xylem. The 
strong fl uorescent signal of CF in the cytoplasm of xylem rays and paratracheal and terminal axial 
parenchyma makes visible the routes of symplasmic transport in sapwood.  C  cambium,  Pp  para-
tracheal parenchyma,  R  xylem ray,  Tp  terminal parenchyma,  V  vessel;  arrowheads  show metaboli-
cally active axial parenchyma cells. Microphotographs were taken in white transmitted light ( a ) 
and in blue (475 nm) excitation light ( b – d ) in the epi-fl uorescent microscope, scale bars: 50 μm       
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but far below the meristematic cells. The respiration activity of xylem parenchyma 
is low and varies between tree species; however, it does not decline with cell age 
(Spicer and Holbrook  2007 ).

      The vitality of parenchyma cells subsequently lowers with the increase in dis-
tance from the cambial region and can be exemplifi ed by decreasing starch content 
and the number of organelles in the ray cells towards the center of the trunk 
(Höll  1975 ; Song et al.  2011 ), although cell vitality is not a simple function of the 
distance from the cambial region. Among the population of living xylem paren-
chyma cells, some of them can die earlier, while others later. This discrepancy can 
be induced by the process of early cell death that occurs in sapwood when cells have 
contact pits with short-living conducting elements of the xylem, e.g., ray tracheids 
in  Pinus  and  Abies  (Nakaba et al.  2006 ,  2008 ) or vessels in  Populus  (Nakaba et al. 
 2012a ). The occurrence of early cell death is species dependent. No evidence of 
natural early cell death, either in ray or in axial parenchyma, was found in the sap-
wood of  Acer rubrum ,  Fraxinus americana , or  Quercus rubra , where all analyzed 
parenchyma cells were alive (Spicer and Holbrook  2007 ). Nevertheless, during the 
process of heartwood formation, all xylem parenchyma cells ultimately die (see 
Sect.  4.4.3.4 ). The timing of cell death during heartwood formation varies between 
different types of xylem parenchyma. It begins earlier in axial parenchyma, com-
pared to the rays, and depends on vicinity to the pith region as was shown in branches 
of  Robinia pseudoacacia  (Nakaba et al.  2012b ).  

4.3.2     Arrangement of the Cytoskeleton Network 

 Long-living xylem parenchyma cells exhibit a characteristic organization of the 
cytoskeleton. Microtubules and microfi laments are bundled and show a generally 
net axial orientation (Chaffey and Barlow  2001 ,  2002 ). They spread from one end 
of the cell to the other and are parallel to the long axis of prosenchymatous xylem 
parenchyma cells. Thus, according to cell shape and in respect to the main axis of 
the stem, cytoskeleton components are arranged radially in ray cells and vertically 
in axial parenchyma, although a meshwork arrangement of microfi laments or heli-
cal arrays of microtubules can also be found (Chaffey et al.  1997 ,  1999 ,  2000 ; 
Chaffey and Barlow  2001 ,  2002 ). The mostly axial distribution of the cytoskeleton 
is disturbed in the pit periphery, where concentric rings of microfi laments and 
microtubules are present (Chaffey and Barlow  2002 ; see Sect.  4.3.4 ). The direc-
tional orientation of microtubules and microfi laments may facilitate intracellular 
transport and assist in the intercellular movement. Additionally, the cytoskeleton 
network in radial and axial xylem parenchyma cells forms a continuity with similar 
cytoskeleton elements of cambial and phloem regions, creating a three-dimensional 
system supporting symplasmic transport in plants (Chaffey and Barlow  2001 , 
 2002 ).  
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4.3.3      Characteristics of the Cell Wall 

 Xylem parenchyma cells are usually surrounded by a thick primary cell wall and a 
thick, frequently multilayered, secondary cell wall. The latter is generally rich in 
lignins and pectins (Chafe and Chauret  1974 ). The lignifi cation process starts ear-
lier in the contact cells than in the isolation cells, with the exception of pit mem-
branes, which are composed of a primary cell wall and are clearly unlignifi ed for a 
very long time (Chafe and Chauret  1974 ; Chafe  1974 ; Murakami et al.  1999 ; 
Nakaba et al.  2012a ). Formation of the secondary cell wall and deposition of its 
component, xylan, start much later in ray cells than in fi bers and vessels (Kim et al. 
 2012 ). Additionally, in some conifers, considerably delayed lignifi cation or the 
lack of a secondary cell wall is characteristic of ray parenchyma cells that are not 
in direct contact with ray tracheids. These ray parenchyma cells can maintain the 
primary nature of the cell wall for more than 30 years, as in  Pinus densifl ora , while 
in  Pinus rigida  a secondary cell wall does not form in these cells at all (Nakaba 
et al.  2008 ). 

 Parenchyma cells neighboring to the tracheary elements have an additional 
layer of a loose-textured, usually unlignifi ed material that is generally called the 
“protective layer” (Chafe  1974 ; Mueller and Beckman  1984 ; Wiśniewski et al. 
 1987 ; Barnett et al.  1993 ). The protective layer extends between plasmalemma and 
the entire inner surface of the secondary cell wall of contact cells. It is usually 
thicker around the pits (Chafe  1974 ; van Bel and van der Schoot  1988 ; Barnett 
et al.  1993 ). The real role of the protective layer is still a matter of debate. This 
layer was believed to protect living paratracheal cells against high osmotic pres-
sure and the oscillations present in the conducting elements of the xylem (van Bel 
and van der Schoot  1988 ). However, it is not clear why some cells, e.g., ray cells, 
without this layer can survive in contact with dead xylem elements (Chafe  1974 ; 
Chafe and Chauret  1974 ) or how a layer formed mainly by pectins and cellulose 
can withstand hydrostatic fl uctuations in conducting tracheary elements (Barnett 
et al.  1993 ). Nor is the protective layer necessary for formation of tyloses—out-
growths of parenchyma cells into tracheary elements—as it can occur in non-
tylose-forming species and be absent in tylose-forming ones (Chafe and Chauret 
 1974 ; Barnett et al.  1993 ). Presently it is suggested that the protective layer is not 
involved in plant defense but rather in intercellular exchange at the symplasm/
apoplasm interface (Barnett et al.  1993 ). Due to the low permeability of secondary 
cell walls, demonstrated in experiments with lanthanum (Wiśniewski et al.  1987 ), 
the protective layer can increase continuity between the protoplast and the lumen 
of tracheary elements (Barnett et al.  1993 ). Its presence increases the surface of the 
symplasm/apoplasm interface, which is not limited to the pit regions exclusively 
but expands to the entire plasmalemma surface of the contact cells (Barnett et al. 
 1993 ). Thus, the protective layer considerably enhances the effi ciency of intercel-
lular exchange in woody plants.  
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4.3.4       Pitting and Plasmodesmata Distribution 

 The striking differences in the permeability of pit membranes compared to  secondary 
cell walls suggest that the longitudinal and lateral exchange of solutes in the xylem 
region occurs via the pit system (Wiśniewski et al.  1987 ). Pits between xylem 
parenchyma cells are usually simple, while half-bordered at contact with tracheary 
elements (Yang  1978 ). The type of pit—simple or bordered—strongly depends on 
the thickness of xylem parenchyma walls (Yang  1978 ; Carquist  2007 ). Simple pits 
are localized in relatively thin walls. As the thickness of the secondary cell wall 
increases, selective pressure rises to form bordered pits. Thus, bordered pits among 
living parenchyma cells, especially in ray cells, are quite common (Carquist  2007 ). 

 The distribution and density of the pits provide important information about 
the possible direction and intensity of solute fl ow between the cells. Pits are usu-
ally unevenly distributed, e.g., in tangential walls which are more densely pitted 
compared to radial walls in procumbent ray cells, while in square and upright ray 
cells, the pits are more or less equally distributed through all cell walls (Carquist 
 2007 ). The function of contact cells in the transfer between symplasm and apo-
plasm is underscored by the presence of extremely large pits between tracheary 
elements and contact cells (Fig.  4.2 ; Sauter et al.  1973 ; Sauter and Kloth  1986 ; 
Murakami et al.  1999 ). 

 Pits occurring between living parenchyma cells have a characteristic ultrastruc-
ture, with concentric rings of both microtubules and microfi laments, as can be seen 
by the immunolocalization of myosin, tubulin, and actin around a pit area (Chaffey 
and Barlow  2002 ). During pit formation, microfi laments probably prevent the depo-
sition of the secondary cell wall at the pit membrane by exclusion of microtubules 
from the pit periphery (Chaffey and Barlow  2002 ). Thus, the pit membranes of 
xylem parenchyma cells are thin and possess the primary structure of a wall, with 
numerous simple or branched plasmodesmata (Yang  1978 ; Sauter and Kloth  1986 ; 
Wiśniewski et al.  1987 ; Chaffey and Barlow  2001 ). 

 Besides living cells, plasmodesmata are also frequently present in the pseudo- 
tori, which are thickenings of the primary cell wall located eccentrically in the 
developing pit membranes of fi bers, fi ber tracheids, and vessels of some angiosperm 
families such as Rosaceae and Ericaceae (Barnett  1982 ,  1987a ,  b ; Lachaud and 
Maurousset  1996 ; Rabaey et al.  2006 ,  2008 ). Plasmodesmata in pseudo-tori are 
densely packed, branched, and secondary in origin (Barnett  1982 ,  1987a ,  b ; Rabaey 
et al.  2006 ; Jansen et al.  2007 ). Just before accomplishing cell differentiation and 
protoplast autolysis, a secondary cap-like layer is deposited on the primary thicken-
ings of the pseudo-tori (Barnett  1987a ; Lachaud and Maurousset  1996 ; Jansen et al. 
 2007 ; Rabaey et al.  2006 ,  2008 ). This additional layer can seal intercellular connec-
tions, but plasmodesmata can sometimes protrude through its outer part (Lachaud 
and Maurousset  1996 ; Rabaey et al.  2008 ). It is unknown whether or not the plasmo-
desmata in pseudo-tori are functional. The irregular and amorphous shape of pseudo-
tori, as well as an eccentric position that does not match the pit aperture, suggests 
that pseudo-tori cannot properly seal the pits and thus they are not involved in pit 

K. Sokołowska



113

aspiration (Rabaey et al.  2006 ,  2008 ). Therefore, it is possible that the  pseudo- tori 
are formed to maintain intercellular communication between various xylem ele-
ments (Barnett  1982 ,  1987b ; Lachaud and Maurousset  1996 ; see Sect.  4.4.3.5 ).   

4.4     Functions of Xylem Parenchyma Cells 
in the Secondary Xylem 

 The long-living xylem parenchyma, which is composed of both axial and radial 
systems, forms a unique, functional continuum for effi cient intercellular communi-
cation (Fig.  4.5 )  . Thus, the xylem parenchyma is a vital component of the secondary 
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  Fig. 4.5    Schematic diagram of living parenchyma cells in the secondary xylem of angiosperms. 
Xylem rays and different types of axial apotracheal and paratracheal parenchymas form the spatial 
system of interconnected living cells in sapwood. To simplify the diagram, only vessels are indi-
cated, although other types of nonliving elements (tracheids, fi bers, fi ber tracheids) are also present 
in the secondary xylem.  Ap  apotracheal parenchyma,  Pp  paratracheal parenchyma,  R  xylem ray, 
 Rp  procumbent xylem ray,  Ru  upright xylem ray,  Tp  terminal parenchyma,  V  vessel       
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xylem. The whole spatial network of interconnected and integrated cells is an 
 example of a three-dimensional symplasmic fi eld where free symplasmic short- and 
long- distance transport is continued (Figs.  4.4  and  4.5 )  . Apart from the main func-
tion of storing and distributing reserve substances, living xylem parenchyma cells 
are involved in exchange at the symplasm/apoplasm interface, embolism repairs, 
defense mechanisms against vascular pathogens, and vascular structure (Chowdhury 
 1953 ; Sauter  1982 ; Benhamou  1995 ; Hilaire et al.  2001 ; Améglio et al.  2004 ; Salleo 
et al.  2004 ). They also play an important role in the biomechanics of living decidu-
ous trees and increase radial strength and the transverse elastic anisotropy of trunks 
(Burgert et al.  1999 ,  2001 ; Burgert and Eckstein  2001 ).

   Wood without living cells cannot exist. Even in a species devoid of rays, at least 
in juvenile wood, living cells of axial parenchyma and nucleated fi bers are present 
(Barghoorn  1941b ; Lev-Yadun and Aloni  1991 ; Carquist  2009 ,  2010 ). Over the 
course of evolution, the volume of living parenchyma cells in the secondary xylem 
and their specialization have increased. Initially, the diffusive parenchyma cells sup-
ported the conductive system by maintaining the appropriate water column in ves-
sels. Then, the tendency to group living axial elements around the vessels, together 
with the intensive secondary thickening of trunks, forced the integration of axial 
parenchyma cells with developing rays. At the end, due to the widening of the rays 
and the predominance of procumbent cells, the rays became a route for photoassim-
ilate transport across the stem (Carquist  2009 ). 

4.4.1     Storage Parenchyma 

 Storage parenchyma is specialized for seasonal accumulation and mobilization of 
organic and inorganic materials. Besides starch and lipids (the most frequent stor-
age materials in plants) parenchyma cells can store nitrogen compounds in the form 
of protein bodies as well as crystals and silica bodies (Sinnott  1918 ; Ziegler  1964 ; 
Höll  1975 ; Carquist  1988 ; Harms and Sauter  1992a ). Starch grains are accumulated 
mostly in the apotracheal parenchyma and in isolation xylem ray cells (Gregory 
 1978 ), as well as in the living fi bers of the outermost ring (Yamada et al.  2011 ). The 
amount of accumulated starch grains varies among different types of xylem paren-
chyma cells and depends on the distance from the cambium, where the largest quan-
tity of starch is deposited in the current xylem year (Nakaba et al.  2012a ). 
Parenchyma cells have also a protein-storing function. In the small vacuoles of 
temperate-zone trees, polypeptides of 32–36 kDa are accumulated and form specifi c 
protein bodies. They appear near the cambium, mainly in the rays and in axial para-
tracheal parenchyma (Harms and Sauter  1992a ,  b ; Hao and Wu  1993 ). 

 The quantity of accumulated storage compounds in xylem parenchyma changes 
seasonally. It corresponds to plant activity and to alternating periods of nutrient 
abundance and defi ciency. Reserves are usually accumulated at the end of a growing 
season and then utilized in spring time, when photoassimilates are necessary but are 
not yet produced (Harms and Sauter  1992a ; Sauter and van Cleve  1994 ; Sauter  2000 ). 
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For example, the starch content in poplar and willow trees is lowest after budbreak 
and leaf expansion. Then, the starch amount starts increasing and reaches maximum 
value in autumn, when the leaves are shed. After that, starch content gradually 
decreases (Essiamah and Eschrich  1985 ; Sauter et al.  1996 ). The lowered level of 
starch in winter correlates with increased amounts of sugars (Sauter and van Cleve 
 1994 ) which are involved in the adaptation of the cells to frost and in the refi lling of 
embolized tracheary elements (Essiamah and Eschrich  1985 ; Sauter et al.  1996 ). 
Starch is resynthesized again from available sugars before spring. Its content rises 
temporarily, until the budbreak period, when reserves are utilized during plant 
growth (Sauter  1972 ; Essiamah and Eschrich  1985 ; Harms and Sauter  1992b ; Sauter 
and van Cleve  1994 ; Sauter et al.  1996 ; Sauter  2000 ). Similarly, the amounts of 
other stored compounds can change seasonally. Lipids are intensively accumulated 
in summer and remain at a prominent level during the entire winter until spring 
remobilization (Sauter and van Cleve  1994 ). However, protein bodies are formed 
mostly in fall, in the time of leaf yellowing, and are almost completely degraded 
during budbreak (Sauter and van Cleve  1990 ; Harms and Sauter  1992a ). Nitrogen 
released from protein bodies is used during the onset of new shoot growth 
(Langheinrich and Tischner  1991 ). 

 Due to the seasonally regulated quantity of storage compounds, the ultrastructure 
of storage parenchyma cells changes dramatically during the year. Before budbreak 
the protoplasts of storage parenchyma contain numerous amyloplasts, oleosomes, 
and protein bodies (Harms and Sauter  1992a ,  b ; Sauter and van Cleve  1994 ; Sauter 
et al.  1996 ). After the onset of new growth in spring, the number of starch grains is 
signifi cantly reduced, oleosomes almost disappear, while protein bodies can no lon-
ger be detected (Harms and Sauter  1992a ).  

4.4.2      Long-Distance Transport Routes in Woody Stems 

 The seasonally alternating accumulation and mobilization of storage compounds in 
xylem and phloem parenchyma cells requires precisely controlled translocation of 
reserves to the sink regions. This has been clearly demonstrated in experiments with 
dormant cambium, in which local heating of the stem induced division activity in 
the cambial cells and starch remobilization from the phloem towards the cambium 
(Oribe et al.  2001 ,  2003 ; Begum et al.  2007 ). In sapwood, the manner of photo-
assimilate and other solute fl ow in the living xylem cells is still a matter of debate 
(van Bel  1990 ; Sauter  2000 ). Although the long-distance transport of water and 
solute minerals in the apoplasmic system via dead xylem elements like tracheids 
and vessels is unquestionable (Holbrook and Zwieniecki  2005 ), the structure of 
long-living axial and radial parenchyma cells (Fig.  4.5 ) suggests that communica-
tion and traffi cking via the symplasmic route is likewise important. 

 The shape of the xylem parenchyma cells and pit distribution localized in their 
cell walls (see Sect.  4.3.4 ) refl ect the major directions of solute fl ow. Axial 
 parenchyma cells are involved in vertical transport, procumbent ray cells in radial 

4 Symplasmic Transport in Wood: The Importance of Living Xylem Cells



116

spreading, while square to upright ray cells represent an intermediate step 
(Carquist  2007 ). Among the specifi c ray cells abutting the vessels, isolation cells are 
involved in radial transport and function also as a storage region (Sinnott  1918 ; 
Sauter  1972 ; Sauter and Kloth  1986 ; Murakami et al.  1999 ). Due to larger pit-fi eld 
areas and a higher frequency of plasmodesmata at the tangential walls, isolation cells 
are better specialized for radial symplasmic transport than contact cells (Sauter and 
Kloth  1986 ; Sauter  2000 ). However, intercellular spaces between isolation cells 
(Murakami et al.  1999 ) may also suggest the involvement of the apoplasmic trans-
port route. Delayed differentiation of the secondary cell wall in isolation cells, as 
compared to contact cells, suggests that the unlignifi ed tangential walls can tempo-
rarily assure apoplasmic continuity between phloem and xylem (Murakami et al. 
 1999 ). However, radial traffi cking in apoplasm, as demonstrated using specifi c trac-
ers like acid fuchsin and safranin, seems to be limited. These apoplasmic dyes loaded 
to poplar plants through the vascular system were only visible in the close vicinity 
of vessel elements and did not move further in the cell wall system of ray paren-
chyma cells (Sano et al.  2005 ). Additionally, the simultaneous application of apo-
plasmic (sulforhodamine B, SRB) and symplasmic (carboxyfl uorescein, CF) tracers 
to maple tree branches revealed a difference in effi ciency between both routes of 
transport. Radial apoplasmic transfer of SRB was restricted to the axial xylem 
 elements, especially vessels, while at the same time CF was visible in the symplasm 
of xylem rays and in the cambial region (Sokołowska and Zagórska-Marek  2012 ), 
suggesting a prevailing role of symplasmic route in radial transfer in wood. 

4.4.2.1     Radial Symplasmic Movement 

 Xylem and phloem rays function as living bridges that connect the cambial region 
and living elements of secondary xylem and phloem. Therefore, they are involved 
in centripetal and centrifugal radial symplasmic transport across the stem 
(Langenfeld-Heyser  1987 ; van Bel  1990 ; Sokołowska and Zagórska-Marek  2007 , 
 2012 ). This route of transport is facilitated by abundant plasmodesmata present in 
the tangential walls of the rays (Barnett  1982 ; Sauter and Kloth  1986 ) and was dem-
onstrated in experiments with tracer loading (Fig.  4.4 ) and membrane potential 
measurement (van der Schoot and van Bel  1990 ; Sokołowska and Zagórska-Marek 
 2007 ,  2012 ; Fuchs et al.  2010 ). Moreover, radial translocation of  14 C-labeled assim-
ilates (Langenfeld-Heyser  1987 ; Korolev et al.  2000b ) and high translocation rates 
of sugars through the tangential area of ray cells (Sauter and Kloth  1986 ; Sauter 
 2000 ) strongly support the relevance of the radial symplasmic pathway across the 
stem and towards the cambium. Furthermore, localization of storage proteins remo-
bilized during the fi rst divisions of cambial cells in  Populus  directly confi rmed the 
signifi cance of the radial symplasmic route. Reserves can indeed be transported 
symplasmically between phloem parenchyma cells, ray cells, and fusiform cambial 
cells, because proteinaceous particles were clearly localized in the cytoplasmic 
sleeve of plasmodesmata (Fuchs et al.  2010 ).  
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4.4.2.2     Intercellular Spaces: Apoplasmic Route for Gas Exchange 

 A complex system of intercellular spaces spans along the axial and radial groups of 
parenchyma cells, from cambium towards the mature xylem, and serves as an addi-
tional apoplasmic route of transport in secondary xylem (van der Schoot and van 
Bel  1989 ; Sun et al.  2004 ; Nagai and Utsumi  2012 ). This system is comprised of 
short vertical and prominent radial canacules that probably originate from fusion of 
schizogenous spaces (van der Schoot and van Bel  1989 ). 

 Intercellular spaces are separated from living ray cells by blind pits and seem to 
be fi lled with water (van der Schoot and van Bel  1989 ) or with gases (Nagai and 
Utsumi  2012 ). Thus, they are considered to be involved in water (van der Schoot 
and van Bel  1989 ; van Bel  1990 ; Sun et al.  2004 ; Kitin et al.  2009 ) or gas (Hook and 
Brown  1972 ; Spicer and Holbrook  2005 ; Nagai and Utsumi  2012 ) traffi cking, pre-
sumably in a radial direction. However, the transfer of water and solutes via inter-
cellular spaces has recently been questioned (Nagai and Utsumi  2012 ). Firstly, 
intercellular spaces are prominent in tree species living in wet habitats and having a 
higher tolerance to fl ooding, e.g., in  Nyssa aquatica  and  Fraxinus pennsylvanica , 
where their presence probably increases plant aeration (Hook and Brown  1972 ; 
Spicer and Holbrook  2005 ). Secondly, in conifers, intercellular spaces stay empty 
even if they surround living rays and tracheids fi lled with cytoplasm or water (Nagai 
and Utsumi  2012 ). Thus, it seems plausible that intercellular spaces function rather 
as a gas exchange system in apoplasm (Nagai and Utsumi  2012 ).  

4.4.2.3     The Role of Cambial Cells in Radial Xylem–Phloem Exchange 

 Cambium serves as a strong sink that draws nutrients due to a high level of division 
activity and production of derivatives (Krabel  2000 ; Korolev et al.  2000b ). The 
radial transport of  14 C-assimilates (Langenfeld-Heyser  1987 ; Tomos et al.  2000 ; 
Korolev et al.  2000a ,  b ) and fl uorescent tracers (van der Schoot and van Bel  1990 ; 
Sokołowska and Zagórska-Marek  2007 ) from the phloem and xylem regions to the 
cambium occurs symplasmically and seems to be partially ceased at the cambial 
zone. The symplasmic route of transport towards the cambium corresponds well 
with the general principle that unloading to the meristematic tissues or growing 
organs is symplasmic (Patrick and Offl er  1996 ; Tarpley and Vietor  2007 ). 
Moreover, it seems that cambial meristem collects assimilates and metabolizes 
them quickly to obtain energy for functioning and division activity (Krabel  2000 ; 
Korolev et al.  2000a ), because cambial cells reveal very low concentrations of K +  
and sugars (sucrose, glucose, fructose) compared with neighboring cells of the 
phloem and xylem regions (Korolev et al.  2000a ; Tomos et al.  2000 ). Accordingly, 
it becomes obvious why dormant cambial cells, experimentally activated by local 
heating, cannot divide further in the event of defi ciency of reserve materials (Oribe 
et al.  2001 ,  2003 ).  
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4.4.2.4      Symplasmic Transport: Preferential Route of Transport via 
Parenchyma Cells in Sapwood 

 To summarize, the anatomical and physiological features of living xylem 
 parenchyma cells, such as plasmodesmata distribution and frequency (Sauter and 
Kloth  1986 ; Barnett  2006 ), cytoskeleton organization (Chaffey and Barlow  2001 , 
 2002 ), storage substances mobilization (Fuchs et al.  2010 ), and movement of 
 fl uorescent tracers (Fig.  4.4 ; Sokołowska and Zagórska-Marek  2012 ), evidence the 
role of symplasmic traffi cking via parenchyma cells in xylem and towards the cam-
bium. Although, the fi nal choice of the route in xylem parenchyma—symplasmic or 
apoplasmic—depends mostly on the type of substance transported (Sharkey and 
Pate  1975 ; Vogelmann et al.  1985 ). However, bearing in mind the restricted radial 
traffi cking of apoplasmic tracers and the involvement of intercellular spaces in gas 
exchange, it can be considered that intercellular communication via living xylem 
cells in sapwood occurs prominently via the symplasmic route (Fig.  4.5 ).   

4.4.3     Contact Cells: Specialized Types of Axial and Radial 
Parenchyma Cells 

 Contact cells, described in angiosperms as vessel-associated cells, are usually small, 
living parenchyma cells abutting tracheary elements. They have a dense cytoplasm 
with a voluminous nucleus, small vacuoles, and numerous ribosomes and mito-
chondria (Czaninski  1977 ; Alves et al.  2001 ,  2007 ). Starch is usually absent, even 
during the winter season (Sauter et al.  1973 ; Czaninski  1977 ; Braun  1984 ). In trees 
of temperate zones, starch appears in contact cells only temporarily—in early 
spring—and is quickly remobilized just before and during bud swelling, consider-
ably earlier than in the neighboring cells of typical storage parenchyma (Sauter 
 1972 ; Sauter et al.  1973 ; Braun  1984 ). Contact cells are involved in varied physio-
logical processes due to their bidirectional transmembrane transport ability at the 
symplasm/apoplasm interface. Sugar infl ux and effl ux (Sauter  1982 ), exudation of 
occluding and toxic substances during vascular pathogen infection (Shi et al.  1992 ; 
Benhamou  1995 ; Cooper et al.  1996 ) and of phenolic compounds during heartwood 
formation (Magel et al.  1991 ; Spicer  2005 ), require a controlled exchange of sub-
stances between contact cells and tracheary elements, via active and passive routes. 

 Despite the contact cells being directly connected with tracheary elements by 
large and densely packed contact pits (Fig.  4.2 ; Sauter  1972 ; Sauter et al.  1973 ; 
Murakami et al.  1999 ), they are devoid of plasmodesmata in contact pit membranes 
(Czaninski  1977 ; Decourteix et al.  2006 ), and thus they are symplasmically isolated 
from vessels and tracheids. Therefore, communication and traffi cking between the 
apoplasm, especially the xylem sap of tracheary elements and contact cells as a part 
of three-dimensional continuum of living xylem parenchyma cells, have to proceed 
through the plasma membrane. Probably, the interface of symplasm and apoplasm 
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is enhanced by a protective layer in contact cells (see Sect.  4.3.3 ), which maintains 
apoplasmic continuity with vessels. 

 The intensive transmembrane transport at the symplasm/apoplasm interface 
requires the increased metabolic activity of contact cells (Fig.  4.4 ). And indeed, 
contact cells exhibit enhanced levels of acid phosphatases, peroxidase, and dehy-
drogenases, in comparison to storage parenchyma cells (Sauter  1972 ; Sauter et al. 
 1973 ; Braun  1984 ; Alves et al.  2001 ). The enzymatic activities of contact cells 
change seasonally in trees of the temperate zones. They increase in late fall and 
winter to maximum in spring time, before and during the budbreak period, then 
cease rapidly in late spring when leaves are fl ushing, to fi nally become undetectable 
throughout the entire summer (Sauter  1972 ; Sauter et al.  1973 ). The high metabolic 
activity of contact cells is closely related to the low level of starch in these cells, and 
starch resynthesis coincides with a rapid drop of acid phosphatase activity (Sauter 
 1972 ; Sauter et al.  1973 ). Thus, it seems reasonable that in continuously growing 
tropical trees, contact cells are free of starch and show permanent acid phosphatase 
activity (Braun  1984 ). Regarding the high metabolic activity of contact cells with 
simultaneous lack of starch, it can be suggested that these cells are an important site 
of respiratory activity and are involved in intensive transport between apoplasm and 
symplasm (Sauter  1972 ; Gregory  1978 ; Murakami et al.  1999 ; Alves et al.  2001 ). 

4.4.3.1     Sugar Infl ux/Effl ux Interactions at the Symplasm/Apoplasm 
Interface 

 Sucrose content in the tracheary sap of temperate zone trees changes throughout the 
year, even in winter time when the growth activity of plants in restricted 
(Sauter  1980 ,  1982 ,  1983 ,  1988 ; Sauter et al.  1996 ; Améglio et al.  2001 ,  2004 ). 
Sucrose can be released from starch; thus, the amount of sucrose is inverse to starch 
content and changes seasonally. Accumulation of sucrose in tracheal sap usually 
starts at the beginning of winter, reaches its maximum in midwinter, keeps high 
values before and during budbreak period, and drops sharply when leaves are fl ush-
ing (Sauter  1982 ,  1983 ,  1988 ; Améglio et al.  2002 ). The high osmolarity of tracheal 
sap coincides with drop of starch concentration in storage parenchyma and the high 
metabolic activity of contact cells, indicating the involvement of the contact cells in 
sucrose effl ux into tracheary elements (Sauter  1972 ,  1980 ,  1981 ,  1982 ,  1983 ,  1988 ; 
Sauter et al.  1973 ; Améglio et al.  2004 ). In winter, sugar effl ux is a slow continuous 
and selective process that depends on many factors such as temperature, respiration, 
sucrose concentration in xylem parenchyma cells, the intensity of starch hydrolysis 
and resynthesis, as well as the rate of sugar absorption into the symplasm (Sauter 
et al.  1973 ; Sauter  1981 ,  1982 ,  1988 ; Améglio et al.  2001 ,  2004 ). Effl ux cannot 
operate as a simple leaking into the apoplasm, but probably occurs by facilitated 
diffusion mediated by a yet unknown protein, and regulated by metabolic inhibitors 
(Sauter  1980 ,  1982 ,  1988 ; Améglio et al.  2004 ). Alternatively, sugar effl ux has 
recently been proposed as an energy-consuming process that is mediated by proton 
co-transporters (Salleo et al.  2004 ; Secchi and Zwieniecki  2012 ). Apart from sugar 
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effl ux, contact cells are also involved in an opposite process of active sugar infl ux 
from tracheary sap to symplasm (Sauter  1983 ; Decourteix et al.  2006 ,  2008 ; Alves 
et al.  2007 ; Bonhomme et al.  2009 ). Infl ux is carried out by putative xylem sucrose 
and hexose transporters (Decourteix et al.  2006 ,  2008 ) which depend on the driving 
force generated by H + -ATPase localized in the plasma membrane of contact cells 
(Fromard et al.  1995 ; Arend et al.  2002 ,  2004 ; Decourteix et al.  2006 ; Alves et al. 
 2007 ). Which of these two competing biochemical processes dominates, sugar 
effl ux or infl ux, depends mostly on temperature, and thus it is periodically regulated 
(Sauter  1982 ,  1983 ; Améglio et al.  2004 ; Decourteix et al.  2006 ; Alves et al.  2007 ; 
Bonhomme et al.  2009 ). Effl ux dominates in midwinter, when temperatures are low 
(below 5 °C). In that period sugars are converted from starch in the xylem paren-
chyma cells and then accumulated in tracheary elements (Sauter  1980 ,  1982 ,  1983 ; 
Sauter et al.  1996 ; Alves et al.  2007 ; Salleo et al.  2009 ). The activity of H + -ATPase 
is highly reduced at low temperatures (Alves et al.  2001 ,  2007 ; Améglio et al.  2004 ), 
resulting in the cessation of sugar infl ux and, in turn, in unlimited sugar effl ux to 
apoplasm. When temperatures are higher (over 15 °C), starch begins to resynthe-
size. The sucrose concentration gradient lowers at the symplasm/apoplasm interface 
and decreases the effl ux rate (Sauter  1983 ,  1988 ; Sauter et al.  1996 ). Additionally, 
H + -ATPase is highly active and produces the proton motive force used by transport-
ers for active sugar uptake. Thus, at higher temperatures in winter, sugar infl ux 
dominates (Sauter  1982 ,  1983 ,  1988 ; Alves et al.  2001 ,  2007 ; Améglio et al.  2004 ; 
Bonhomme et al.  2009 ).  

4.4.3.2     The Biological Role of Active Substance Secretion 
and Uptake by Contact Cells 

 Contact cells are involved in specialized translocation of water and other materials 
between symplasm and apoplasm (Gregory  1978 ; Murakami et al.  1999 ; Salleo 
et al.  2004 ; Decourteix et al.  2006 ; Secchi and Zwieniecki  2011 ), although the 
detailed mechanism of sugar exchange between contact cells and tracheary ele-
ments seems to be more complex (Alves et al.  2007 ; Nardini et al.  2011 ; Secchi and 
Zwieniecki  2011 ,  2012 ). Sucrose accumulation in the tracheary sap of  Acer sac-
charum  (sugar maple) from November to April, which coincides with the high met-
abolic activity of contact cells in the vicinity of functional, water-conducting 
elements and a low level of starch content, together suggest that contact cells are 
able to release sugars and generate high osmotic pressure in vessels (Sauter  1972 ; 
Sauter et al.  1973 ; Braun  1984 ). Thus, they can facilitate water transport in xylem 
elements and ascend the sap before leaf fl ushing in early spring (Braun  1984 ). This 
can be particularly important in tropical trees during conditions of lowered transpi-
ration due to high humidity during overcast days (Braun  1984 ). A dramatic increase 
in water uptake in early spring was recorded in some trees like  Acer pseudoplata-
nus ,  Betula pendula ,  Alnus glutinosa,  or  Fagus sylvatica , although the origin of the 
spring sap was not determined (Essiamah and Eschrich  1986 ). In at least a few tree 
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species, e.g.,  Juglans regia  (walnut), the increased positive xylem pressure in spring 
and autumn is mainly generated by root pressure (Ewers et al.  2001 ). Thus, the 
mechanism responsible for the rising of sap in spring time varies between species 
and requires further investigation. 

 Xylem elements are an effi cient translocation route for organic compounds to the 
meristematic tissues in species which fl ower before leaf appearance, in late winter 
or early spring, when the phloem strands are still nonfunctional (Sauter  1980 ,  1983 ). 
For instance, sugar infl ux rate and the activity of H + -ATPase in spring time are con-
siderably higher in apical parts of 1-year-old branches, bearing bursting buds in 
walnut, compared to basal stem regions with non-bursting buds (Alves et al.  2007 ). 
Over 90 % of the total sucrose pool is provided for the opening of apical buds by 
xylem elements. This means that the xylem system is practically the only source of 
sucrose in the apical parts of walnut during budbreak (Bonhomme et al.  2009 ). This 
emphasizes the importance of contact cells in sugar uptake from apoplasm during 
growth resumption (Alves et al.  2007 ). Further translocation of sugars away from 
contact cells probably occurs via plasmodesmata, due to symplasmic connectivity 
between contact cells and the neighboring storage parenchyma (see Sect.  4.4.2 ). 
Interestingly, meristematic regions and vascular strands are symplasmically cou-
pled (Duckett et al.  1994 ; Gisel et al.  1999 ; Banasiak  2011 ). Therefore, continued 
transport via living cells and the elements of the primary vascular system towards 
the apices serve as an interesting hypothesis that requires further examination. The 
most surprising fact related to sugar infl ux in walnut stems is the signifi cantly low 
active uptake, reaching only 50 % of global sugar uptake in the basal parts of 
branches, where most of buds do not break (Bonhomme et al.  2009 ). Thus, different 
pathways are necessary in basal stem regions for sugar uptake from apoplasm. 
Although facilitated diffusion is possible (Bonhomme et al.  2009 ), an alternative 
route via endocytosis seems to be more convincing. It has previously been sug-
gested that uptake of membrane-impermeant fl uorescent tracers—Lucifer Yellow 
and Texas Red-labeled dextran (10 kDa)—by xylem parenchyma cells abutting the 
vessel in rice leaves occurs via endocytosis (Botha et al.  2008 ). Thus, contact cells 
are crucial elements in unloading in the xylem region and serve as an important, 
regulatory step in solute exchange at the symplasm/apoplasm interface.  

4.4.3.3     The Involvement of Xylem Parenchyma Cells 
in Embolism Repairs 

 Contact cells are also an important factor in a mechanism leading to embolism 
repairs enabling proper long-distance apoplasmic transport. The role of contact 
cells in the refi lling of cavitated vessels was intensively studied in many species like 
 Juglans regia  (Améglio et al.  2001 ,  2002 ,  2004 ; Sakr et al.  2003 ; Decourteix et al. 
 2006 ,  2008 ),  Populus  sp .  (Secchi et al.  2011 ; Secchi and Zwieniecki  2012 ),  Laurus 
nobilis  (Salleo et al.  2004 ,  2009 ), or in two savanna trees— Scheffl era macrocarpa  
and  Caryocar brasiliense  (Bucci et al.  2003 ). 
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 Although the embolism repair mechanism has not been fully elaborated 
(Nardini et al.  2011 ; Secchi and Zwieniecki  2011 ), the involvement of xylem paren-
chyma, especially contact cells, in this process is unquestionable (Améglio et al. 
 2001 ,  2002 ; Bucci et al.  2003 ; Améglio et al.  2004 ; Salleo et al.  2009 ; Secchi et al. 
 2011 ; Secchi and Zwieniecki  2011 ,  2012 ). Firstly, xylem parenchyma cells are a 
source of sugars and energy.    Sucrose, released from stored starch, can directly 
increase sap osmolarity and xylem pressure (Améglio et al.  2001 ,  2004 ) due to its 
translocation to embolized elements via contact cells (Améglio et al.  2004 ; Salleo 
et al.  2009 ; Secchi and Zwieniecki  2012 ), although it is unknown as to whether 
sugar effl ux into cavitated conduits is facilitated through diffusion (Améglio et al. 
 2004 ) or is an active process (Salleo et al.  2004 ; Zwieniecki and Holbrook  2009 ; 
Secchi and Zwieniecki  2012 ). Sucrose also acts as a source of energy and indirectly 
increases sap osmolarity, through ion effl ux into apoplasm, via respiration (Secchi 
et al.  2011 ; Secchi and Zwieniecki  2012 ). Regardless of the sucrose translocation 
pathway and the mechanism of osmotic gradient generation, defoliation in the veg-
etative season (Améglio et al.  2001 ) and phloem girdling (Salleo et al.  2004 ) both 
lead to reduction of the starch content in xylem parenchyma cells and strongly limit 
winter embolism repair ability and plant survival (Améglio et al.  2001 ). 

 When high sugar concentration is obtained in cavitated elements, water fl ow 
from neighboring cells according to the concentration gradient leads to dilution of 
the gases and complete conduit refi lling (Zwieniecki and Holbrook  2009 ). Because 
xylem parenchyma cells are in close vicinity to gas-fi lled tracheary elements, they 
are regarded as one of the natural sources of water necessary for embolism repair 
(Améglio et al.  2001 ,  2002 ; Sakr et al.  2003 ; Bucci et al.  2003 ). Living and meta-
bolically active contact cells are also considered as embolism sensor that detects 
cavitation and triggers the processes leading to conduit refi lling. What is the nature 
of this signal emitted during cavitation? Possibly it can be connected with either 
wall vibration after mechanical stimulus (Salleo et al.  2008 ) and/or changes in 
osmotic concentrations between parenchyma cells and a neighboring tracheary 
element after water transport disruption (Zwieniecki and Holbrook  2009 ; Secchi 
and Zwieniecki  2011 ,  2012 ). It is quite plausible that xylem parenchyma cells, and 
especially contact cells, are also involved in other steps of the embolism repair 
mechanism.  

4.4.3.4      Defense Mechanisms During Vascular Parasite Infection: 
Heartwood Formation 

 Xylem parenchyma cells abutting the vessels also play an important role in plant 
defense mechanisms against fungal (El Mahjoub et al.  1984 ; Street et al.  1986 ; Shi 
et al.  1992 ; Benhamou  1995 ; Cooper et al.  1996 ; Cooper and Williams  2004 ) and 
bacterial (Goodman and White  1981 ; Hilaire et al.  2001 ) infections spreading via 
tracheary elements. Contact cells neighboring infected vessels detect pathogens and 
trigger cellular defense responses. One of the fi rst visible reactions, also found after 
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injury (Schmitt and Liese  1990 ; Sun et al.  2008 ), is the formation of tyloses leading 
to partial or complete vessel occlusion (El Mahjoub et al.  1984 ; Clérivet et al.  2000 ). 
Besides tyloses, xylem parenchyma cells can also produce and secrete amorphous 
substances like gels and gums into the vessel lumen (Street et al.  1986 ; Shi et al. 
 1992 ; Benhamou  1995 ; Clérivet et al.  2000 ), which physically restrict pathogen 
movement within the vascular system (Shi et al.  1992 ). In addition, contact cells 
participate in chemical defense mechanisms. Living parenchyma cells abutting 
infected conductive elements have increased cytoplasmic activity (El Mahjoub et al. 
 1984 ; Shi et al.  1992 ). They produce, accumulate, and secrete into the vessels sev-
eral materials like lipoidal, phenolic, or terpenoid substances (Shi et al.  1992 ; 
Benhamou  1995 ; Cooper et al.  1996 ; Clérivet et al.  2000 ), polysaccharides (Clérivet 
et al.  2000 ), elemental sulfur (Cooper et al.  1996 ; Williams et al.  2002 ; Cooper and 
Williams  2004 ), or cationic peroxidase (Hilaire et al.  2001 ). Some of these are toxic 
and can serve as chemical inhibitors restricting pathogen growth and reproduction 
(Shi et al.  1992 ; Williams et al.  2002 ). Moreover, xylem parenchyma cells are 
involved in callose synthesis and deposition along cell walls and pit membranes 
neighboring the infected vascular elements (Mueller et al.  1994 ; Benhamou  1995 ), 
as well as in the synthesis of pathogenic-related proteins (Benhamou  1995 ). They 
also induce a thickening of secondary walls that decreases pit diameter and limits 
bacteria spreading via pit membranes into living cells (Hilaire et al.  2001 ). The few 
examples mentioned clearly illustrate the signifi cance of living xylem parenchyma 
cells in physical and chemical defense, assuring the high resistance of plants against 
various pathogens. 

 Xylem parenchyma cells perform also a crucial role during the process of heart-
wood formation (Higuchi et al.  1969 ; Spicer  2005 ; Nakaba et al.  2012b ). These 
living cells are involved in vessel occlusions, due to tylose formation or gel secre-
tion (Chattaway  1949 ) as well as in the production and accumulation of secondary 
metabolites, which are generally known as heartwood substances (Higuchi et al. 
 1969 ; Magel et al.  1991 ; Hillinger et al.  1996 ; Taylor et al.  2002 ; Spicer  2005 ). 
These compounds are synthesized in situ by parenchyma cells from stored reserves 
at the sapwood-heartwood boundary (Magel et al.  1991 ; Yang et al.  2004 ). 
Heartwood substances belong mostly to the phenolic compounds (e.g., tannins, ter-
penes, fl avonoids, lignans, and stilbenes) or to lipids (Higuchi et al.  1969 ; Magel 
et al.  1991 ; Hillinger et al.  1996 ; Taylor et al.  2002 ). Their accumulation in heart-
wood leads to wood colorization and enhancement of wood decay resistance (Taylor 
et al.  2002 ; Spicer  2005 ).  

4.4.3.5      The Impact of Living Cells on the Growth and Differentiation 
Processes of the Secondary Xylem 

 Different types of cells like vessels, tracheids, fi ber-tracheids, fi bers, and axial and 
radial parenchymas can be formed and arranged in peculiar and, more usually, in 
regular spatial patterns in the secondary xylem, with additional variation among the 
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seed plants. The mechanisms responsible for the growth and differentiation of these 
various xylem cells, and for formation of specifi c vascular patterns, remain unknown. 
Possibly, living xylem parenchyma cells can be involved in these processes by 
 acting as a source of signal molecules, which affect the differentiation of xylem ele-
ments (Barnett  1982 ). 

 Depending on the morphology and distribution of the vessels in the particular 
growth rings, two major types of wood can be distinguished in angiosperms: diffuse 
porous or ring porous (Fig.  4.3 ). In diffuse porous, wood vessels have approxi-
mately similar dimensions and are more or less evenly distributed in growth rings. 
Conversely, the ring-porous wood dimension of the vessels varies considerably dur-
ing the vegetative season, with large vessels being produced at the beginning of the 
season, while narrow ones formed in the second part (IAWA  1989 ). Developmental 
studies have clearly demonstrated the impact of living xylem cells on the determina-
tion of wood architecture. For example, the occurrence of ring-porous wood in 
 Gmelina  genus depends on the presence and distribution of living axial parenchyma 
cells (Chowdhury  1953 ) that are formed in the beginning of ring growth (initial 
parenchyma). The lack of initial parenchyma or its scanty distribution results in the 
diffuse-porous structure of the secondary xylem, whereas abundant initial paren-
chyma sheathing newly formed vessels leads to the ring-porous structure of the 
wood (Chowdhury  1953 ). Such a correlation may suggest that initial parenchyma 
prolongs the process of vessel formation and infl uences its radial expansion, result-
ing in a wider xylem element development of the ring-porous wood.    However, the 
nature of the intercellular signals possibly exchanged between parenchyma and the 
differentiating xylem elements, as well as their route of transport, are unknown, 
although the fact that both initial parenchyma cells and differentiating xylem ele-
ments are alive suggests the involvement of symplasmic route. This supposition 
requires further evaluation. 

 The differentiation processes of xylem elements can be infl uenced by the plas-
modesmata as in the young branches of  Sorbus torminalis  (Lachaud and Maurousset 
 1996 ). In this species, the presence of plasmodesmata in the pit membrane probably 
maintains symplasmic continuity between differentiating xylem elements and forms 
a temporary symplasmic domain. It is unknown whether or not plasmodesmata in 
these pit regions are functional, because no dye-coupling experiments have been 
done yet. However, it seems highly possible that plasmodesmata may infl uence 
wood structure, at least in  Sorbus torminalis , because symplasmic continuity main-
tained between young xylem elements probably hampers their differentiation and 
leads to the formation a homogenous wood (Lachaud and Maurousset  1996 ). The 
development of a homogenous wood structure corresponds well with the general 
principle that cells, belonging to the same symplasmic domain, differentiate in a 
similar manner (Ehlers et al.  1999 ; see Chap.   2    ). However, the impact of plasmodes-
mata on the xylem structure appears to be more complex and species dependent due 
to the fact that the presence of symplasmic communication affects both the growth 
and the differentiation of xylem cells.    
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4.5     Future Perspectives 

 Symplasmic transport in the spatial system of living xylem cells is involved not only 
in nutrient translocation or substance exchange at the symplasm/apoplasm interface 
but also in the integration of cell-to-cell communication over long distances in 
plants. Although our knowledge about the function of living xylem cells and sym-
plasmic transport in wood has recently increased, there are still some questions and 
problems which need further examination. It cannot be forgotten that transport in 
seed plants is composed of integrated symplasmic and apoplasmic systems which 
cooperate to assure proper plant development and function. Thus, the effi ciency and 
velocity of symplasmic transport in wood needs to be elucidated to fully explain 
transport capacities in woody plants. Although the general axial and radial routes of 
symplasmic transport in secondary xylem were observed using small molecular 
tracers, studies of possible macromolecule traffi cking between living xylem cells, 
and their impact on xylem element differentiation and wood structure, are also nec-
essary. Furthermore, symplasmic transport in secondary xylem not only is coordi-
nated at the cellular level, by the mechanisms that act during typical plasmodesmata 
traffi cking, but can also be regulated on the supracellular level. Taking into account 
the spatial regulation of symplasmic transport in active cambium (Sokołowska and 
Zagórska-Marek  2012 ) or the wavy propagation of solutes in the phloem tubes 
(Thompson and Holbrook  2004 ), the supracellular coordination of symplasmic 
transport in wood can be possible and facilitate fast and effi cient communication 
over long distances in trees. Thus, knowledge about the mechanisms of symplasmic 
transport in wood and the comprehensive role of living xylem cells is indispensable 
in plant biology, leading to a full understanding of how such long-lived plants as 
trees can grow and function properly.     
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