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Plants constitute 80% of the biomass on earth, and almost two-thirds of this biomass is found in wood. Wood formation
is a carbon (C)-demanding process and relies on C transport from photosynthetic tissues. Thus, understanding the
transport process is of major interest for understanding terrestrial biomass formation. Here, we review the molecules
and mechanisms used to transport and allocate C in trees. Sucrose is the major form in which C is transported in plants,
and it is found in the phloem sap of all tree species investigated so far. However, in several tree species, sucrose is
accompanied by other molecules, notably polyols and the raffinose family of oligosaccharides. We describe the molecules
that constitute each of these transport groups, and their distribution across different tree species. Furthermore, we detail
the metabolic reactions for their synthesis, the mechanisms by which trees load and unload these compounds in and
out of the vascular system, and how they are radially transported in the trunk and finally catabolized during wood
formation. We also address a particular C recirculation process between phloem and xylem that occurs in trees during
the annual cycle of growth and dormancy. A search of possible evolutionary drivers behind the diversity of C-carrying
molecules in trees reveals no consistent differences in C transport mechanisms between angiosperm and gymnosperm
trees. Furthermore, the distribution of C forms across species suggests that climate-related environmental factors will
not explain the diversity of C transport forms. However, the consideration of C-transport mechanisms in relation to
tree–rhizosphere coevolution deserves further attention. To conclude the review, we identify possible future lines of
research in this field.

Keywords: C transport, C metabolism, dormancy, mobile forms of C, sucrose, polyols, RFO, phloem loading, phloem unloading,
radial transport, trees.

Introduction

The ∼3 trillion trees on the planet constitute an estimated
sink of 2.4 petagrams of carbon (C) per year globally (Pan
et al. 2011, Crowther et al. 2015). This makes C assimilation
by trees a central part of the global C cycle and signifies
forest’s potential in the mitigation of climate change. Most of
the biomass in trees resides in above and below ground woody
tissues and roots, which account for ∼70% of the terrestrial
plant biomass (Bar-on et al. 2018). Woody biomass is derived
from the photosynthetically fixed C imported primarily from
leaves and to a lesser extent from photosynthetic bark tissues.
The process of C allocation in trees involves communication

between mature leaves (source tissues) and the heterotrophic
tissues (sink tissues) (Yu et al. 2015, Smith et al. 2018).
The C transport and metabolism steps allow coordination of C
assimilation and export, and incorporation into sink tissues in
relation to the availability of nutrients and environmental cues.

Following photosynthetic C assimilation in the leaf mesophyll
cells, fixed C (mostly in the form of sugars and/or sugar
alcohols collectively called assimilates) are loaded into the
phloem system in the minor veins of the leaves (Lalonde
et al. 2003). Phloem loading is considered to include the
transport of assimilates from their synthesis or storage sites to
the conduits comprised of the sieve element/companion cell
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complexes (SE/CCCs), which form the long-distance transport
pathway. Phloem unloading occurs when assimilates reach the
sink tissue and move across the SE/CCC boundary to their
utilization or storage sites. There are two main mechanisms by
which molecules move cell-to-cell toward or from the phloem to
achieve either phloem loading or unloading: the symplasmic and
the apoplasmic routes (Lalonde et al. 2003, Braun et al. 2014).
In the symplasmic route, assimilates move passively through
interconnecting plasmodesmata between cells, i.e., through the
symplasm. This process requires a gradient driving assimilate
diffusion from high to low concentration. In the apoplasmic
route, assimilates are exported into the apoplast of the tissue
by facilitated diffusion through plasma membrane transporters
and then actively imported by cells against a concentration gra-
dient. Sometimes, both apoplasmic and symplasmic pathways
are combined to achieve the movement of assimilates. The
cell-to-cell movement of assimilates is called lateral or radial
transport and it can be bidirectional: phloem-to-xylem or xylem-
to-phloem (Aubry et al. 2019). The connections and transport
processes between phloem and xylem vascular systems allow
the distribution of assimilates at the whole tree level. Upon
reaching the destination sink tissues/organs, assimilates are
catabolized to produce energy or used as building blocks to
synthetize macromolecules and other compounds.

During the growth of trees, developing wood (i.e., the living
region of woody tissue undergoing mitosis and cell differentia-
tion) constitutes one of the strongest C sinks. Thus, how trees
distribute C and how C is incorporated into developing wood
are of major interest for understanding terrestrial biomass for-
mation. The phloem unloading process and the radial transport
of assimilates in stems are key steps in the incorporation and
distribution of C into developing wood. In this article, we review
the literature on metabolism, long-distance transport and radial
transport of the main molecules in which C is transported in
trees.

Carbon is transported in different forms in the
phloem of trees

Phloem mobile forms of carbon

The mobile forms of C are molecules used to transport and allo-
cate C, incorporated in their backbones, between distant organs
of the plant. Sucrose (Figure 1A) is the main form of transported
C in most plant species (Ruan 2014), including trees (Table 1).
It is synthetized as a product of the photosynthesis in source
tissues, where triose phosphate from the Calvin–Benson cycle in
the chloroplasts is exported to the cytosol by triose-phosphate
transporters. In the cytosol, triose phosphates contribute to
a pool of interconvertible hexose-phosphates and nucleotide
sugars that serve as substrates for sucrose synthesis as well
as for other primary metabolic reactions (Figure 2A). Sucrose
is synthesized from UDP-glucose and fructose-6-phosphate,

which form sucrose-6-phosphate in a reaction catalyzed by
sucrose-phosphate synthase (SPS; EC 2.4.1.14). In trees, SPS
activity has been characterized from leaves of hybrid poplar
(Populus alba L. × Populus grandidentata Michx.) and Prosopis
juliflora (Sw.) DC. (Table 1) (Sinha et al. 1997, Park et al.
2009). After SPS, sucrose-6-phosphate is dephosphorylated
by the sucrose-phosphate phosphatase (SPP; EC 3.1.3.24) to
produce sucrose. Interestingly, 35S promoter-driven expression
of a chimeric fusion construct between SPS and SPP increased
the growth rate of hybrid poplars, suggesting that metabolic
channeling between these two enzymes can alleviate a bottle-
neck in C allocation to wood (Table 1) (Maloney et al. 2015).
After synthesis, sucrose can be stored locally in the vacuole or
loaded into the phloem, either symplasmically or apoplasmically
depending on the species (Fu et al. 2011). The presence of
sucrose in phloem sap has been demonstrated in several tree
species (Table 1).

In addition to sucrose, phloem sap analyses of several plant
species including trees have shown that other molecules, such
as sugar alcohols and oligosaccharides, can also contribute to
long-distance C transport (Figure 3, Tables 2 and 3) (Rennie
and Turgeon 2009, Fu et al. 2011). The presence of these
molecules in the phloem sap along with evidence collected from
other type of experiments such as the existence of synthetizing
enzymes in source tissues and degrading enzymes in sink
tissues, and labeling studies to follow the localization of the
molecules, have contributed to define two main molecule groups
that in addition to sucrose account as mobile forms of C in
the phloem: the sugar alcohols and the raffinose family of
oligosaccharides (RFOs) (Figure 1B and C, Tables 2 and 3)
(Bieleski 1982, Moing 2000, Madore 2001). Sucrose, sugar
alcohols and RFOs share some chemical features such as being
highly hydrophilic and reduced, weakly charged and exhibiting
relatively low molecular weight (Peters et al. 2007, Merchant
and Richter 2011, Dumschott et al. 2017). This makes them
well suited for transport in the aqueous phloem sap and less
likely to react chemically with other cellular components such
as proteins.

The sugar alcohols

Sugar alcohols, also called polyols, polyalcohols or polyhydric
alcohols, are a diverse family of molecules distributed widely in
plants. In total, sugar alcohols are estimated to compose ∼30%
of the photosynthetically fixed C on the planet (Bieleski 1982).
They are common in trees and represent the main form of C in
the phloem of several members of the Rosaceae family such as
the genera Malus (apple), Pyrus (pear) and Prunus (stone fruits
such as plum).

The synthesis of sugar alcohols involves the action of reduc-
tases or reductases combined with phosphatases on hexoses or
hexose-phosphates (Moing 2000). Thus, sugar alcohols are the
result of the reduction of the aldo or keto group of a sugar to
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460 Dominguez and Niittylä

Figure 1. Molecular structures of phloem mobile carbon forms. (A) Sucrose. (B) Sugar alcohols. Left panel: glycitols. Right panel: cyclitols. (C)Raffinose
family of oligosaccharides.

a hydroxy group, rendering their physical chemical properties
close to those of carbohydrates. Structurally, they can be a
linear chain or acyclic (called glycitols) or cyclic (called cyclitols)
(Figure 1B). Mannitol, sorbitol (glucitol) and galactitol (dulcitol)
are considered the most frequent linear polyols that act as
mobile C forms in several tree species including olive trees (Olea
europaea L.) and Rosaceae (Table 2) (Bieleski 1982, Noiraud
et al. 2001, Reidel et al. 2009). D-pinitol (3-O-methyl-D-chiro-
inositol) is found in eucalyptus (Eucaliptus sp.), acacias (Acacia
sp.), European larch (Larix decidua Mill.), black spruce (Picea
mariana (Mill.) Britton, Sterns & Poggenb.), Norway spruce
(Picea abies (L.) Karst.) and Scots pine (Pinus sylvestris L.)
(Merchant et al. 2006, Simard et al. 2013, Deslauriers et al.

2014, Gallinger and Gross 2018). The role of D-pinitol in C
transport is still debated and more solid biochemical data are
needed, especially in trees (Dumschott et al. 2017). However,
evidence is accumulating that pinitol is a form of C transport
in the phloem: it is synthetized in source tissues (Dittrich and
Kandler 1972, Dittrich and Brandl 1987), and it can be found
in phloem and xylem sap of both angiosperm and gymnosperm
plants (Figure 3, Table 2) (Richter and Popp 1992, Gallinger
and Gross 2018, Shi et al. 2020). While Gallinger and Gross
(2018) reported that pinitol is the major mobile C form in the
phloem sap of Scots pine and other gymnosperm trees, Devaux
et al. (2009) found that pinitol was in lower levels in comparison
with sucrose in Pinus pinaster Aiton (Figure 3). This could be
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Table 1. List of species in which evidence of sucrose metabolism and transport has been reported.

Angiosperm trees/shrubs Gymnosperm
trees

Herbaceous plants

Presence of sucrose in
phloem sap

P. persica (Moing et al. 1997, Nadwodnik
and Lohaus 2008); E. globulus (Pate et al.
1998, Merchant et al. 2012); F. sylvatica
(Gessler et al. 2004, Fink et al. 2018);
Cocos nucifera Cocos nucifera L. cv.
Namhom (Nakamura et al. 2004);
Pseudotsuga menziesii (Mirb.) Franco
(Woodruff 2014); Querus robus, F.
excelsior (Öner-Sieber and Lohaus 2014);
Magnolia kobus, Gnetum gnemon (Fink
et al. 2018); Citrus sinensis, Murraya
paniculata, Bergera koenegii (Killiny
2016); Prunus domestica (Gallinger and
Gross 2018); P. trichocarpa × Populus
deltoides (Dafoe et al. 2009). Others:
Rennie and Turgeon (2009), Fu et al.
(2011).

P. abies, Abies
alba, P. sylvestris,
L. deciduas
(Gallinger and
Gross 2018)

Arabidopsis thaliana (Tetyuk et al. 2013); Helianthus
annuus, Solanum lycopersicum, Nicotiana rustica,
Phaselus vulgaris, Solanum tuberosum, C. sativus, A.
graveolens, P. major (Fu et al. 2011). Others: Rennie
and Turgeon (2009), Fu et al. (2011)

Synthesis reactions
(biochemical or
physiological experiments
in source tissues)

Populus sp. (Maloney et al. 2015, Park et
al. 2009), P. juliflora (Sinha et al. 1997)

A. thaliana (Strand et al. 2000, Park et al. 2008,
Volkert et al. 2014, Bahaji et al. 2015, Albi et al.
2016), Solanum lycopersicum L., Spinacia oleracea
L. (Huber and Huber 1992), Oryza sativa L.
(Hashida et al. 2016), Spinacia oleracea (Guy et al.
1992), Zea mays (Bilska-Kos et al. 2020),
Saccharum spp. (Partida et al. 2021).

Catabolism reactions
(biochemical or
physiological experiments
in sink tissues)

Populus sp. (Coleman et al. 2009,
Dominguez et al. 2021, Gerber et al.
2014, Li et al. 2020, Rende et al. 2017)

A. thaliana (Barratt et al. 2009), S. lycopersicum
(D’Aoust et al. 1999, Zanor et al. 2009), S.
tuberosum (Zrenner et al. 1995, Hajirezaei et al.
2000), Z. mays (Li et al. 2013), O. sativa (Morey et
al. 2018), Solanum chmielewskii (Sun et al. 1992),
P. sativum (Lunn and Rees 1990).

Transport evidence
(transporters in
sink/source tissues or
tracer experiments)

Populus sp. (Payyavula et al. 2011,
Mahboubi et al. 2013, Zhang et al. 2021)

A. thaliana (Baud et al. 2005, Chen et al. 2012, Kim
et al. 2021, Le Hir et al. 2015), S. lycopersicum
(Shammai et al. 2018), Nicotiana tabacum (Bürkle
et al. 1998), Z. mays (Bezrutczyk et al. 2018,
Slewinski et al. 2009, Sosso et al. 2015), O. sativa
(Eom et al. 2012, Ma et al. 2017, Sosso et al.
2015, Yang et al. 2018), S. tuberosum (Hackel et al.
2006, Riesmeier et al. 1993), Sorghum bicolor
(Milne et al. 2017)

due to different seasonal levels or to methodological differences.
Pinitol has also been found in the phloem sap of herbaceous
plants (Table 2) and in small amounts in the Broussonetia
papyrifera tree (Figure 3, Table 2) (Shi et al. 2020). There are
other sugar alcohols that are found in high levels in trees such
as quercitol, polygalatol, bornitol and quebrachitol (Bieleski and
Briggs 2005, Merchant et al. 2006, 2007, Arndt et al. 2008).
Myo-inositol, also a cyclitol, is ubiquitous in plants but found only
in low levels in phloem sap, so other roles related to signaling
have been suggested for this compound (Figure 3) (Noiraud et
al. 2001). However, it participates in the production of D-pinitol
and of galactinol, which is part of the raffinose pathway and, as

such, involved in the RFO synthesis (Nadwodnik and Lohaus
2008, Dumschott et al. 2017). Evidence of sugar alcohol
metabolic reactions in trees is largely based on enzymatic
activity measurements of purified or partially purified proteins
from tissue extracts. Thus, in order to provide a metabolic
framework for sugar alcohol synthesis in trees, we have overlaid
the evidence of individual reaction steps found in gymnosperm
or angiosperm trees on the pathways described for herbaceous
plants (Figure 2).

Mannitol is found in the Oleaceae family, which encompasses
trees such as olive and ash (Fraxinus excelsior L.) (Table 2)
(Reidel et al. 2009). Its synthesis starts by the isomerization of
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462 Dominguez and Niittylä

Figure 2. Synthesis of phloem mobile carbon forms. (A) Sucrose (orange). (B) Sugar alcohols (greens and blues). (C) Raffinose family of
oligosaccharides (RFOs) (gray). The colors of the circles indicate the type of plant for which there is evidence for each enzyme.

fructose-6-phosphate (P) into mannose-6-P by M6PI (mannose-
6-phosphate isomerase) (EC 5.3.1.8) (Figure 2B) (Rumpho
et al. 1983, Merchant and Richter 2011). Mannose-6-P is
converted to mannitol-1-P by the action of M6PR (NADPH-
dependent mannose-6-P reductase) (EC 1.1.1.224) (Loescher
et al. 1992, Everard et al. 1997). Mannitol-1-P is subsequently

dephosphorylated by M1PP (mannitol-1-phosphate phos-
phatase) (EC 3.1.3.22) into mannitol (Rumpho et al. 1983).

Galactitol is abundantly found in the phloem sap of the
Celastraceae family, which includes the spindle tree (Euonymus
europaeus L.) (Bieleski 1982). It is considered to be syn-
thetized from Dfructose-6-P-galactose by a NADPH-dependent
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Figure 3. Metabolite content in the phloem sap of different tree species. The colors and the sizes of the dots represent the relative values of the
metabolite contents in comparison with sucrose, whose value is equivalent to 1. Collection data (material-collection method): 1. phloem sap-aphid; 2.
phloem sap-bleeding; 3. phloem sap-exudate; 4. total phloem tissue; 5. phloem sap-centrifugation method; 6. phloem and xylem sap-centrifugation
method. RFOs: raffinose family of oligosaccharides. The plot was generated with the ggplot2 library of R using the data published in the references.

galactitol-synthetizing aldose reductase (aldehyde reductase)
(EC:1.1.1.21) (Figure 2B, Table 2) (Bliss et al. 1972, Negm
1986).

Sorbitol is the most abundant C form in the phloem
of the Rosaceae (Bieleski 1982), which serves as model
species for sorbitol metabolism studies. It is synthesized from
glucose-6-P, which is converted to sorbitol-6-P by a NADPH-
dependent aldose-6-P-reductase (ALD-6-PRase; EC 1.1.1.200)
(Figure 2B, Table 2) (Hirai 1981, Negm and Loescher 1981,
Tao et al. 1995, Cheng et al. 2005, Hartman et al. 2017).
Sorbitol-6-P is dephosphorylated by a sorbitol-6-P phosphatase
(S6PP; EC 3.1.3.50) into sorbitol (Zhou et al. 2003).

The synthesis of myo-inositol starts with the conversion of
glucose-6-P into myo-inositol-1-P by INPS (inositol-3-P syn-
thase) (also called myo-inositol-1-P synthase) (EC 5.5.1.4)
(Figure 2B) (Gumber et al. 1984, Loewus et al. 1984, Johnson
and Sussex 1995, Zhang et al. 2018, Hu et al. 2020). This
is the first step in the synthesis of all the inositols found
in plants. Myo-inositol-1-P is then converted into myo-inositol
by the action of IMPase (inositol mono phosphatase) (EC
3.1.3.25) (Laing et al. 2004, Torabinejad et al. 2009, Nour-
bakhsh et al. 2015, Ruszkowski and Dauter 2016, Yadav et al.
2020).

As mentioned above, pinitol may be used for C transport
in gymnosperm trees and angiosperm plants (Table 2). The
synthesis of D-pinitol has been mainly studied in herbaceous
plants where it occurs through the formation of D-ononitol
or of sequoyitol (Figure 2B, Table 2). In most of the studied
angiosperms, the synthesis occurs through D-ononitol. Myo-
inositol is methylated producing D-ononitol (1D-4-O-methyl

myo-inositol), which is further epimerized to D-pinitol. The
first step is catalyzed by myo-inositol-O-methyltransferase
(IMT) (EC 2.1.1.129), which transfers a methyl group from
S-adenosylmethionine to myo-inositol (Vernon and Bohnert
1992, Chiera et al. 2006). The second step is catalyzed
by a D-ononitol epimerase (OEP) (Ahn et al. 2018). This
is the case for the jojoba (Simmondsia chinensis (Link) C.
K. Schneid.) shrub (Dittrich and Korak 1984) and some
herbaceous species (Dittrich and Kandler 1972) as studied by
tracer experiments. In some species such as Medicago truncatula
Gaertn., the epimerization is a two-step reaction, which includes
the formation of an intermediate compound (Pupel et al.
2019). This pathway involves the conversion of D-ononitol to
4-O-methyl-D-myo-inosose by D-ononitol dehydrogenase (EC
1.1.1). The intermediate product 4-O-methyl-D-myo-inosose is
converted to D-pinitol by D-pinitol dehydrogenase (EC 1.1.1).
In some gymnosperm trees (Juniperus communis L., Taxus
baccata), myo-inositol is converted into sequoyitol (5-O-Methyl-
myo-inositol) by an uncharacterized methyltransferase (EC
2.1.1). Sequoyitol is then epimerized to give D-pinitol (Dittrich
and Kandler 1972). The epimerization transformation is a two-
reaction step: first, sequoyitol is transformed into a keto interme-
diate, D-5-O-methyl-2,3,5/4,6-pentahydroxycyclohexanone, by
a NAD-dependent sequoyitol dehydrogenase (EC 1.1.1.143);
afterward, the keto intermediate is converted into D-pinitol by
a NADP-dependent D-pinitol dehydrogenase (EC 1.1.1.142).
It is tempting to suggest that angiosperms and gymnosperm
trees synthetize pinitol through different pathways (Figure 2B),
but systematic analyses need to be performed for irrefutable
conclusions.
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Table 2. List of species in which evidence of polyol metabolism and transport has been reported.

Evidence in angiosperm trees/shrubs Evidence in gymnosperm
trees

Evidence in herbaceous plants

Mannitol
Presence in phloem sap F. excelsior (Öner-Sieben and Lohaus

2014); Citrus sinensis, Murraya
paniculata, Bergera koenegii (Killiny
2016); Prunus domestica (Gallinger and
Gross 2018)

P. sylvestris (Gallinger and
Gross 2018)

A. graveolens (Nadwodnik and Lohaus
2008)

Synthesis reactions Ligustrum vulgare (Loescher et al. 1992) A. graveolens (Everard et al. 1997,
Loescher et al. 1992, Rumpho et al.
1983)

Catabolism reactions O. europaea (Conde et al. 2008, 2011) A. graveolens (Rumpho et al. 1983, Stoop
and Pharr 1992, Stoop and Pharr 1994,
Williamson et al. 1995, Stoop et al. 1996,
Zamski et al. 2001); Arabidopsis thaliana
(Maruta et al. 2008)

Transport evidence O. europaea (Conde et al. 2007, 2008) A. graveolens (Fu et al. 2011, Noiraud et
al. 2001)

Galactitol/dulcitol
Synthesis reactions Euonymus japonica (Bliss et al. 1972,

Negm 1986)
Sorbitol/glucitol
Presence in phloem sap P. persica (Moing et al. 1997, Nadwodnik

and Lohaus 2008), Cocos nucifera
(Nakamura et al. 2004), Citrus sinensis
(Killiny 2016), Prunus domestica
(Gallinger and Gross 2018)

P. major, Plantago maritima (Pommerrenig
et al. 2007, Nadwodnik and Lohaus
2008)

Synthesis reactions M. domestica (Cheng et al. 2005, Negm
and Loescher 1981, Tao et al. 1995,
Zhou et al. 2003), Eriobotrya japonica
(Hirai 1981), P. persica (Hartman et al.
2017)

Hordeum vulgare (Bartels et al. 1991),
Zea mays (Yang et al. 2020)

Catabolism reactions M. domestica (Loescher et al. 1982,
Negm and Loescher 1979, Nosarszewski
et al. 2004, Yamaguchi et al. 1994,
Yamaguchi et al. 1996); Vitis vinifera,
Citrus sinensis (Jia et al. 2015); Prunus sp.
(Walker et al. 2020), P. persica (Lo Bianco
and Rieger 2002, Morandi et al. 2008)

A. thaliana (Aguayo et al. 2013,
Nosarzewski et al. 2012)

Transport evidence P. cerasus (Gao et al. 2003), M. domestica
(Li et al. 2018, Watari et al. 2004)

P. major (Fu et al. 2011,
Ramsperger-Gleixner et al. 2004), A.
thaliana (Klepek et al. 2005), gramineae
crops (Kong et al. 2020)

Pinitol
Presence in tissues Eucaliptus sp., Acacia sp. (Merchant et al.

2006)
L. decidua, P. mariana, P.
abies, P. sylvestris
(Deslauriers et al. 2014,
Gallinger and Gross
2018, Merchant et al.
2006, Simard et al.
2013)

Glycine max (Streeter et al. 2001)

Presence in phloem sap B. papyrifera (Shi et al. 2020) P. abies, Abies alba, P.
sylvestris, L. deciduas
(Gallinger and Gross
2018); P. pinaster
(Devaux et al. 2009)

Medicago sativa (Campbell et al. 1984),
P. sativum (Blicharz et al. 2021), Lupinus
angustifolius (Merchant 2012)

Continued
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Table 2. Continued.

Evidence in angiosperm trees/shrubs Evidence in gymnosperm
trees

Evidence in herbaceous plants

Synthesis reactions S. chinensis (Dittrich and Korak 1984) J. communis, T. baccata
(Dittrich and Kandler
1972)

M. sativa, Ononis spinosa, Trifolium
incarnatum (Dittrich and Brandl 1987);
Mesembryanthemum crystallinum (Chiera
et al. 2006, Vernon and Bohnert 1992);
A. thaliana (Ahn et al. 2018); M.
truncatula (Pupel et al. 2019)

Quebrachitol
Presence in tissues Heterodendrum oleifolium (Merchant et al.

2006)
Presence in phloem sap A. platanoides (Schill et al. 1996); L.

chinensis (Wu et al. 2018)
Synthesis reactions L. chinensis (Wu et al. 2018)

Synthesis reactions: biochemical or physiological experiments in source tissues. Catabolism reactions: biochemical or physiological experiments in
sink tissues. Transport evidence: transporters in sink/source tissues or tracer experiments.

Table 3. List of species in which evidence of RFOs metabolism and transport has been reported.

Evidence in angiosperm trees Evidence in
gymnosperm trees

Evidence in herbaceous plants

Presence in tissues P. trichocarpa × deltoides (Philippe et al.
2010), E. globulus (Merchant et al. 2012),
Populus sp. (Zhou et al. 2014), B. pendula
(Riikonen et al. 2013), E. speciosa (Hell et al.
2019)

P. halepensis (Ben
Youssef et al. 2016),
P. taeda (Pullman and
Buchanan 2008),
Pinus sp.,
Cupressus × leylandii
(Fischer and Höll 1991,
Hinesley et al. 1992)

Cucurbita sp., Cucumis sp., Phaseolus sp.,
Coleus blumei Benth, Vicia sp. (Madore
2001)

Presence in phloem
sap

O. europaea (Flora and Madore 1993), E.
globulus (Pate et al. 1998, Merchant et al.
2010, Merchant et al. 2012), Cocos nucifera
(Nakamura et al. 2004), F. excelsior
(Öner-Sieben and Lohaus 2014)

Madore (2001)

Synthesis
(Biochemical or
physiological
experiments in
source tissues)

Populus sp. (Unda et al. 2012, Zhou et al.
2014)

Cucurbita pepo, C. sativus, Phaseolus
vulgaris, Coleus blumei Benth, Vicia faba, C.
melo, Lens culinaris, Vigna anularis (Madore
2001); A. reptans (Haab and Keller 2002);
P. sativum (Peterbauer et al. 2002).

Catabolism
(Biochemical or
physiological
experiments in sink
tissues)

C. melo (Carmi et al. 2003, Gao and
Schaffer 1999, Hubbard et al. 1989), C.
sativus (Hu et al. 2009), Cucurbita pepo
(Gaudreault and Webb 1983), Arabidopsis
thaliana (Peters et al. 2010)

Transport
(transporters in
sink/source tissues
or tracer
experiments)

O. europaea (Flora and Madore 1993); C.
speciosa, F. americana (Fu et al. 2011); S.
meyeri (Rennie and Turgeon 2009); S.
reticulata (Fu et al. 2011, Rennie and Turgeon
2009); F. excelsior (Öner-Sieben and Lohaus
2014)

Putative transporter in Arabidopsis thaliana
and A. reptans (Schneider and Keller 2009)

Quercitol (cyclohexanepentol) is a cyclitol present in several
trees including Mimusops hexandra Roxb., Eucalyptus sp. and
oak (Quercus sp.) (Misra and Mitra 1968, Merchant et al.
2006, 2007, Rodríguez-Sánchez et al. 2010). Its name derives

from the genus Quercus, which presents high levels of this
compound. There are some indications suggesting that it could
be transported in phloem based on phloem sap measurements
in eucalyptus, although the data are not clear (Arndt et al.
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2008). The synthesis pathway of quercitols in plants has not yet
been elucidated. In bacteria, it has been proposed that it could
proceed from glucose and from myo-inositol (Itoh 2018). The
presence and role of quercitols in trees have also been related
to different types of environmental stresses (Arndt et al. 2008,
Sardans et al. 2014).

Bornesitol (O-methyl-myo-inositol), quebrachitol (2-O-
methyl-chiro-inositol) and polygalatol (1,5-anhydrosorbitol)
were systematically analyzed in the Proteaceae family (Bieleski
and Briggs 2005). These sugar alcohols were found in high
amounts in several tree genera including Carnarvonia, Leuca-
dendron and Faurea, among others. Quebrachitol represents
40% of sugars in the phloem exudate of the fruit tree Litchi
chinensis (Wu et al. 2018), and it can also be found in
the sugar maple (Acer saccharum) xylem sap and the syrup
produced from it (Stinson et al. 1967), and in the phloem
sap of Acer platanoides (Table 2) (Schill et al. 1996). The
synthesis of quebrachitol starts when myo-inositol is methylated
by an inositol-1-O-methyltransferase gene (IMT) (EC 2.1.1.40)
to form bornesitol (Figure 2B, Table 2) (Wu et al. 2018).
Hypothetically, bornesitol is epimerized to quebrachitol by an
unidentified epimerase (EC 5.1.3) (Wu et al. 2018). For its part,
the synthesis of polygalatol has not been described in plants,
but it is probably synthetized through a different pathway since
it is not a structural derivative of inositol (Bieleski and Briggs
2005).

A common feature of the phloem mobile C biosynthesis
pathways summarized in Figure 2 is the phosphatase catalyzed
hydrolysis reaction. sucrose-phosphate phosphatase (SPP) cat-
alyzes essentially an irreversible reaction in vivo pulling the SPS
reaction toward net sucrose synthesis (Lunn and Rees 1990).
M1PP, S6PP and IMPase have not been characterized in detail,
but an irreversible phosphatase reaction could facilitate the
generation of the concentration gradient driving symplasmic C
transport.

In addition to C transport, sugar alcohols have other functions
including C storage (Moing 2000), involvement in the response
to abiotic and biotic stresses (Arndt et al. 2008, Kanayama
2009, Conde et al. 2011, Wu et al. 2015, Pupel et al. 2019),
boron transport (Liakopoulos et al. 2005), and stamen develop-
ment and pollen tube growth (Meng et al. 2018). Their role as
osmoprotectants during stress may be particularly relevant for
trees. For example, mannitol accumulates in olive trees under
salt stress and drought (Conde et al. 2011) and pinitol in black
spruce (P. mariana) under mild water deficit (Deslauriers et al.
2014). The prevalence of sugar alcohols as a C transport form
is believed to be related to its chemical inertness (Dumschott
et al. 2017) and to the fact that sugar alcohols are not part
of the core primary metabolism, which may prevent them
from being metabolized quickly or from inhibiting photosynthe-
sis (Merchant and Richter 2011). In eucalyptus, it has been
observed that the distribution of sugar alcohols among the

species suggests a correlation to environmental adaptation
(Merchant et al. 2007); similar studies related to other trees
remain to be done. There are also other hypotheses that could
explain the reason of plants evolving to transport sugar alcohols.
In this regard, Li et al. (2018) offered two interesting hypothe-
ses for sorbitol transport in apple trees (Malus domestica
Borkh.). On one hand, they observed that reducing the synthesis
of sorbitol in apple tree leaves did not alter the phenotype of the
fruits, but rather increased sucrose transport and metabolism.
This suggests that being able to transport two different types
of molecules increases the metabolic flexibility of the Rosaceae
trees. On the other hand, sorbitol is converted to fructose by
a sorbitol dehydrogenase (SDH, EC 1.1.1.14) upon phloem
unloading in fruits. Fructose is sweater than any other sugars
present in fruits, which could make them more attractive for
seed-dispersing animals.

The raffinose family of oligosaccharides

Galactose-containing oligosaccharides are involved in several
physiological processes such as preventing seed desiccation,
transient C storage in seeds and C phloem transport (Madore
2001). These oligosaccharides contain short galactan chains
usually linked to a sucrose molecule. They form a large chemical
family that includes umbelliferose (present in Apiaceae),
planteose and sesamose [present in the seeds of plantain
(Musa × paradisiaca), sesame (Sesamum indicum) and ash],
galactosylcyclitols (they have a cyclic sugar alcohol backbone
instead of a sucrose backbone and are present in legumes) and
galactosyloligosaccharides based on raffinose. The latter group
is composed of molecules that have a raffinose backbone and
includes the RFOs, the lychnose and the isolychnose series;
the last two being produced in the Caryophyllaceae family. Of
all these oligosaccharides, RFOs are the most abundant in the
plant kingdom and are recognized to participate in phloem C
transport.

The RFOs are the main form of C transport in the Cucur-
bitaceae and Scrophulariaceae (Ma et al. 2019), and in trees,
they can be found in olive, Eucalyptus globulus Labill. (eucalyp-
tus), Catalpa speciosa (Northern catalpa), Pinus halepensis Mill.
(Aleppo pine) and ash (Flora and Madore 1993, Rennie and
Turgeon 2009, Merchant et al. 2012, Öner-Sieben and Lohaus
2014, Ben Youssef et al. 2016) (an extended list can be found
in Table 3). Despite this, the study of RFOs transport in trees at
the molecular level has not received much attention, and most
of the research has been focused on classic plant models such
as cucumber (Cucumis sativus L.). In trees, RFOs have been
mainly studied related to their role in stress responses. Raffinose
family of oligosaccharides (RFOs) (and also polyols) can act
during stresses as compatible solutes, which are highly soluble
non-toxic compounds that protect cells during stress. Several
different protective mechanisms of compatible solutes have
been proposed including reactive oxygen species scavenging
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(by reacting with them), and stabilization of proteins and
membranes (by replacing the hydroxyl groups of water that
help to maintain their structural integrity) (Chen and Murata
2002, Van den Ende 2013, Elsayed et al. 2014, Sengupta et
al. 2015). Zhou et al. (2014) found that all GolS (galactinol
synthase) genes (except for GolS9), which are involved in RFO
synthesis, changed following salt and water-deficit stresses in
aspen trees. Raffinose family of oligosaccharides (RFO) levels
can also be increased under herbivorous stress in hybrid poplar
(Populus trichocarpa Torr. & A. Gray ex. Hook × deltoides W.
Bartram ex Marshall) (Philippe et al. 2010) or under elevated
temperatures in silver birch (Betula pendula) buds (Riikonen et
al. 2013). Raffinose has also been linked to seed desiccation
tolerance in the tree Erythrina speciosa Andrews (Hell et al.
2019). The accumulation of RFOs in gymnosperms trees has
been described in seeds of P. halepensis (Ben Youssef et al.
2016), in embryos of Pinus taeda L. (Pullman and Buchanan
2008) and in the needles of Pinus sp. and Leyland cypress
(Cupressus × leylandii) (Fischer and Höll 1991, Hinesley et
al. 1992). Although Saranpää and Höll (1989) detected RFOs
in the xylem sap of P. sylvestris, their role in gymnosperm C
transport remains unexplored.

The RFOs have one or more α-D-galactopyranosyl (galactose
in the pyranose form) groups in their structures linked to one
molecule of sucrose by means of α-(1→6) glycosidic linkages
(Figure 1C) (Peterbauer et al. 2001). Like sucrose, they are
non-reducing sugars, but unlike sucrose, they can accumulate
as storage compounds without being directly involved in the
core reactions of primary metabolism (Peters et al. 2007).
An additional advantage can be that RFOs deliver at least 1.5
times the amount of C compared with sucrose, but without
increasing the osmotic potential (Madore 2001). The most
usual RFOs are raffinose, stachyose and verbascose (Peterbauer
et al. 2001, Sengupta et al. 2015, Vinson et al. 2020). The
synthesis of these compounds has been mainly studied in
herbaceous plants (Table 3). As a first step in their synthesis,
galactinol is formed by the reaction between UDP-galactose
(uridine diphosphate-galactose) and myo-inositol, catalyzed by
the galactinol synthase (EC 2.4.1.123) (GolS) (Figure 2C).
The galactinol serves as the donor of the galactosyl moiety
to one molecule of sucrose to form raffinose via a reaction
catalyzed by the raffinose synthase (EC 2.4.1.82) (RafS). The
thus formed raffinose can be added another galactosyl moiety by
the stachyose synthase (StaS) (EC 2.4.1.67) to form stachyose.
Verbascose and larger polymers are formed by the transfer of
galactosyl moiety between different raffinose family oligosac-
charides in reactions catalyzed by galactan:galactan galactosyl-
transferases (EC 2.4.1) (Madore 2001, Haab and Keller 2002).
For example, four molecules of stachyose can originate two
molecules of verbascose and two of raffinose, or one molecule
of verbascose reacting with one molecule of stachyose can orig-
inate one ajugose and one raffinose. These polymers with higher

degree of polymerization can also be formed in a galactinol-
dependent pathway. In pea (Pisum sativum L.), the donor of
the galactosyl group to form verbascose from stachyose is
galactinol instead of an RFO via a reaction also mediated by
a galactosyltransferase (Peterbauer et al. 2002). So far Unda et
al. (2012) and Zhou et al. (2014) are the only studies in which
galactinol synthases of a tree species (Populus sp.) have been
characterized (Table 3). Overexpression of AtGolS3 in hybrid
poplar (P. alba × grandidentata) altered stem secondary cell
walls and caused starch accumulation in ray cells (Unda et al.
2017), indicating that these compounds may have a role in C
partitioning during wood formation.

Phloem loading in trees

All three current phloem loading models have been reported
to exist in trees: symplasmic, apoplasmic and symplasmic poly-
mer trapping loading. The evidence for these different loading
models is mainly based on the presence or absence of sym-
plasmic connections between cells, and in the case of polymer
trapping the presence of RFOs in the phloem tissue. Except for
the RFO polymer trapping, the loading mechanism seems to
be species specific rather than molecule-type specific (Moing
2000). A summary of the loading mechanisms found in trees
and shrubs is presented in Table 4. Approximately half of the
plant families that include several tree species are characterized
as symplasmic loaders; however, more systematic analyses
are needed to establish whether symplasmic loading is the
predominant form of transport in trees (Liesche 2017). Strong
evidence for sucrose symplasmic loading in poplars (Populus
sp.) comes from the lack of C transport-related defects in
transgenics expressing a yeast invertase in the apoplasm, which
would interfere with apoplasmic sucrose loading (Zhang et al.
2014). In addition, symplasmic loading is thought to dominate
in some species that predominantly transport sugar alcohols
such as willow (Salix babylonica L.), apple trees and peach
trees (Prunus persica) (Turgeon and Medville 1998, Reidel et al.
2009, Fu et al. 2011), among others (Table 4). Phloem loading
strategies in gymnosperm trees have been only tested in three
species: P. sylvestris (Liesche and Schulz 2012), Pinus mugo
Turra and Ginkgo biloba L. (Liesche 2017). The tested species
are symplasmic loaders, but more studies are needed to estab-
lish whether this is a common trait of gymnosperms (Table 4)
(Liesche 2017). Pinus sylvestris is known to load pinitol and
mannitol together with sucrose (Figure 3) (Gallinger and Gross
2018), but similar measurements on P. mugo and G. biloba have
not been performed so far.

Apoplasmic phloem loading has been documented in
several tree species including common oak (Quercus robur L.)
transporting mainly sucrose (Table 4) (Öner-Sieben and Lohaus
2014). More detailed analyses are needed to establish whether
there are apoplast sugar alcohol loading trees, although several
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Table 4. Phloem loading mechanisms in trees and shrubs.

Sucrose loading Sucrose and polyol loading RFO loading1

Symplasmic loaders Populus sp. (Zhang et al. 2014), S.
babylonica (Turgeon and Medville 1998);
Cercidiphyllum japonicum, Corylus colurna,
F. sylvatica, Juglans ailanthifolia, Platanus
acerifolia, P. alba, Q. coccinea (Fu et al.
2011); Corylus colurna, J. ailantifolia, F.
sylvatica, Pterocarya illinoisensis, Tilia
americana, Platanus occidentalis,
Rhododendron sc lippenbachii, A.
saccharum, Aesculus pavia (Rennie and
Turgeon 2009); P. mugo and G. biloba
(Liesche 2017)

M. domestica (Fu et al. 2011,
Reidel et al. 2009); Amelanchier
laevis, Prunus armeniaca, Prunus
avium, P. cerasus, Prunus
domestica, P. persica, Pyrus
communis, Spiraea japonica (Fu
et al. 2011); Prunus laurocerasus,
Sorbus hybrida (Rennie and
Turgeon 2009); P. sylvestris
(Liesche and Schulz 2012)

Apoplasmic loaders Q. robur (Öner-Sieben and Lohaus 2014);
Alnus glutinosa, Liquidambar styraciflua,
Liriodendron tulipifera, Phellodendron
lavallei (Fu et al. 2011); Ilex meservae,
Cercis candensis (Rennie and Turgeon
2009); Halesia tetraptera (Fu et al. 2011,
Rennie and Turgeon 2009)

Combined symplasmic
and apoplasmic loaders

F. excelsior (Öner-Sieben and Lohaus
2014)

Polymer trap loaders Any species transporting
ROFs, including C.
speciosa (Fu et al.
2011), F. americana (Fu
et al. 2011), S. meyeri
(Rennie and Turgeon
2009), S. reticulata (Fu
et al. 2011, Rennie and
Turgeon 2009), F.
excelsior (Öner-Sieben
and Lohaus 2014)

1RFO loading is accompanied by sucrose and/or polyol loading by means of one of the other mechanisms.

herbaceous species are known to use this pathway, e.g., in the
mannitol transporting celery (Apium graveolens L.) (Nadwodnik
and Lohaus 2008, Fu et al. 2011). Apoplasmic phloem
loading requires the presence of sugar/polyol exporters and
importers in leaves. In herbaceous species, SWEET (sugar will
be eventually exported) and SUT (sucrose/proton symport)
transporters have been shown to be involved in the sucrose
export and import, respectively, driving sucrose movement
toward the SE/CCC (sieve element-companion cell complexes)
in leaves (Table 1) (Riesmeier et al. 1993, Bürkle et al. 1998,
Slewinski et al. 2009, Chen et al. 2012, Bezrutczyk et al.
2018, Kim et al. 2021). Most of them remain to be functionally
characterized in trees. Some SUT expression and localization
studies have been performed in hybrid poplar (Populus tremula
L. × alba L.) leaves (Payyavula et al. 2011). The silencing
of the most abundant leaf SUT, which is tonoplast SUT4, led
to increased leaf-to-stem biomass ratio, which suggests a role
in C partitioning. Polyol transporters have been identified in

leaves of celery (Noiraud et al. 2001), Plantago major L.
(Ramsperger-Gleixner et al. 2004), Arabidopsis (Klepek et al.
2005) and gramineae crops (Table 2) (Kong et al. 2020). In
trees, sorbitol transporters (SOTs) have been identified in apple
leaves (Table 2) (Watari et al. 2004), but functional studies
related to their role have not been performed yet. Öner-Sieben
and Lohaus (2014) have shown evidence of the existence
of a complex combined apoplasmic and symplasmic phloem
loading mechanism in ash (Table 4). Discrepancies in the
loading mechanisms of the Quercus genera, in which Quercus
coccinea Münchh. is described as a symplasmic loader (Fu et al.
2011) and Q. robur as an apoplasmic loader (Öner-Sieben and
Lohaus 2014), could be due to mixed loading types (Table 3)
(Liesche 2017). Hence, the emerging picture is that some tree
species may even combine different types of phloem loading
mechanisms (Öner-Sieben and Lohaus 2014, Liesche 2017).

The phloem loading of RFOs is thought to occur through the
polymer trap mechanism (Turgeon 1996, Zhang and Turgeon
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2018). In species that transport RFOs, leaf minor veins have
a specialized type of companion cells called intermediary cells
(ICs). Sucrose is transported from the mesophyll cells to the
bundle sheath where it diffuses to the ICs through specialized
plasmodesmata, characterized by being narrower than regular
plasmodesmata. Once in the ICs, RFOs are synthetized from
sucrose. Because of their size, RFOs cannot diffuse back to
the bundle sheath through the specialized plasmodesmata,
but they can move toward the sieve elements from where
they are transported to sink tissues. In trees, evidence for
this mechanism has been observed in C. speciosa, Fraxinus
americana L., Syringa meyeri C.K.Schneid. and Syringa reticulata
(Blume) H.Hara (Table 4) (Rennie and Turgeon 2009, Fu et
al. 2011). Since this mechanism is specific for RFO transport,
it is found together with symplasmic or apoplasmic loading
mechanisms that transport sucrose and/or polyols (Rennie and
Turgeon 2009).

Since phloem loading processes in plants have been reviewed
and discussed in detail elsewhere (Lalonde et al. 2003, De
Schepper et al. 2013, Lemoine et al. 2013, Slewinski et al.
2013, Liesche 2017, Zhang and Turgeon 2018), the focus in
the subsequent section is on phloem unloading.

Phloem unloading and metabolism of the mobile
forms of carbon

Trunk tissues and wood formation

The development of wood begins with the differentiation of
the lateral meristem, the vascular cambium, which forms a
continuous cylinder extending from shoot to root. Vascular cam-
bium contains secondary xylem mother cells/fusiform initials,
which after periclinal division undergo cell expansion, secondary
wall deposition, programmed cell death and maturation, and
finally heartwood/duramen formation (Ye and Zhong 2015).
This process, called xylogenesis, is highly dependent on sugar
supply, which supports cell divisions in the cambium and cell
wall synthesis in the xylem creating a strong C sink. Several
factors influence the C partitioning between sink and source
tissues. However, phloem unloading is the first step that makes C
available for sink tissues and is therefore a key factor influencing
sink strength and, consequently, C partitioning to wood.

Angiosperms such as birch (Betula sp.), beech (Fraxinus
sp.), oak and poplar are commonly classified as hardwood,
as opposed to gymnosperms trees (Picea sp., Pinus sp.)
that produce softwood. Hardwoods are anatomically and
physiologically different from softwoods, having a greater variety
in cell morphology (Ek et al. 2009). Below, we will mainly
focus on angiosperm wood, in which the mechanism of phloem
unloading, lateral C transport and C metabolism have been
studied more extensively at the molecular level.

Phloem unloading in trees is governed by the arrangement of
the different tissues that form the stem (Figure 4A). The trunk is

composed; of the bark, the outer layer that provides protection
(Bdeir et al. 2017); the phloem, the living cell conducting
system that transports C and other metabolites from the source
tissues to the sink tissues (Furze et al. 2018); and the vascular
cambium, which by repeated division produces phloem cells
to the outside and xylem cells to the inside forming the bulk
of the trunk biomass (Mellerowicz et al. 2001, Campbell and
Turner 2017). Each of these tissues is comprised of a variety
of different cell types organized into an axial and a radial system
(Ek et al. 2009). The axial cell system is orientated in the longi-
tudinal direction of the trunk and its main function is to provide
mechanical support, storage and transport water and nutrients. It
is mainly composed of vessels, longitudinal (axial) parenchyma
(called paratracheal parenchyma if associated to vessels and
apotracheal parenchyma if not in contact with vessels) and
fibers. The radial system is oriented perpendicularly to the tree
and is mostly composed of ray cells that are arranged in lines (or
rays) from the bark to the pith (Figure 4A). All ray cells in one
radial ray cell file are originated from the same ray initial located
in the cambium (Spicer 2014). Thus, the rays stretch from the
cambium toward the phloem and toward the xylem, providing
a radial transport pathway for phloem unloading and C import
to wood. This means that radial transport of C occurs across
the three tissues, the phloem, the cambium and the xylem.
In addition to transport and C distribution, ray cells are also
used for C storage (Sauter and Van Cleve 1994, Larisch et al.
2012).

The phloem unloading and radial transport of carbon in
hardwood xylem during growth

All cell types that make up the radial and axial cell systems
of wood need to be connected and interacting. The com-
plexity of the stem anatomy and analytical limitations mean
that the knowledge of radial C transport is still fragmented.
However, the basic steps in the lateral solute transport dur-
ing growth in trees have been proposed: primary unloading
from the SE/CCC of the phloem, uptake by the other phloem
elements, transport through the phloem ray cells, transport
through the cambium ray cells, transport through the xylem
ray cells and delivery into developing xylem cells or axial
parenchyma cells (Figure 4B) (van Bel 1990, Spicer 2014,
Pfautsch et al. 2015a). In some species, transport between
paratracheal parenchyma and phloem through ray cells was
detected employing radioactive tracers (Van Bel 1990). This
highlights the role of ray cells as a connector between phloem
and xylem. Paratracheal parenchyma and mature vessels can
exchange solutes and water most likely through pits (Plavcová
and Jansen 2015).

There is agreement that SE/CCCs unload sugars apoplasmi-
cally in most angiosperms, including trees such as Salix alba
L. and Eucalyptus saligna Sm. (van Bel 1990, 1996, van Bel
and Kempers 1991, Spicer 2014, Pfautsch et al. 2015b). The
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Figure 4. Stem anatomy and carbon flow. (A) Cross-section of stems. Upper panel: light microscope image of aspen stem tissues dyed with Safranin–
Alcian blue. Lower panel: representation of a stem. (B and C) Stem carbon flow during growth (B) and during the activation period after dormancy
(C). Arrows in B and C indicate the direction of the carbon flow.

transporters involved in this step are largely unknown in trees.
In other species such as Arabidopsis and sorghum (Sorghum
sp.), SUT and SWEET transporters have been suggested to be
involved in the process based on expression and localization
experiments (Liesche and Patrick 2017, Milne et al. 2017,
Falchi et al. 2020). Silencing of SWEET11 and -12, which
are expressed in the phloem and the xylem of Arabidopsis
inflorescence stems, alters vascular development and could
be involved in the phloem unloading (Le Hir et al. 2015).
Carbohydrates from the phloem SE/CCCs (or produced by the
photosynthetic phloem cells; Chaffey and Barlow 2001, Aschan

and Pfanz 2003, Vandegehuchte et al. 2015) might enter the
phloem ray cells directly or through the dilatation parenchyma
cells (a group of enlarged parenchyma cells that form part of
the phloem) or via phloem axial cells (Figure 4B) (Chaffey and
Barlow 2001). In conifers, the SE/CCCs can directly unload
sugars into the ray cells or via the Strassburger cells follow-
ing a symplasmic route (Sauter 1976, 1980, Pfautsch et al.
2015a).

As mentioned, C moves across the ray cells following a
radial direction crossing the phloem, the cambium and the
xylem (Figure 4B). In the phloem, axial parenchyma could be
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connected to rays symplasmically since pits are found in their
contact zones. However, information about these cells is limited
due to the difficulties in their identification (Chaffey and Barlow
2001, Spicer 2014).

In black poplar (Populus nigra L.), cambial cells are connected
by plasmodesmata, whose number varies according to the
differentiation stage and the season (Figure 4B) (Fuchs et al.
2010). However, other authors have suggested that cambial ray
and fusiform cells are isolated in sycamore (Acer pseudoplatanus
L.) and field elm (Ulmus minor Mill.) during growth (Sokołowska
and Zagórska-Marek 2007).

Assimilates may move symplasmically across xylem ray cells
(Figure 4B) (van Bel 1990, Blokhina et al. 2019). The tangen-
tial walls of the ray parenchyma are perforated by numerous
plasmodesmata, aggregated in pit fields in several species
(Chattaway 1951). Sauter and Kloth (1986) suggested that
according to the observed plasmodesmatal frequencies and the
sugar translocation rates, the xylem ray parenchyma cells in
poplar trees were comparable to cells specialized in short dis-
tance translocation such as symplasmic transport. However, the
presence of plasmodesmata is insufficient to assume symplas-
mic movement given that it does not indicate active transport. A
further confirmation of the presence of symplasmic transport
came from dye tracing studies that showed the continuum
formed by the xylem rays (Sokolowska and Zagórska-Marek
2012, Pfautsch et al. 2015b). Moreover, it has been suggested
that the microtubule, microfilament and myosin components
of the cytoskeleton of the ray and axial parenchyma cells of
horse chestnut (Aesculus hippocastanum L.) and hybrid aspen
(P. tremula × tremuloides) have a role in the delivery of the
photosynthates to the vascular cambium and to the sites of C
storage (Chaffey and Barlow 2001). However, the regulation
and specificity of the symplasmic transport across rays is
practically unknown. Analysis of radial sucrose and hexose
levels support the hypothesis that there is a passive transport
mechanism down a steep concentration gradient from phloem
to developing wood in both Scots pine and Populus sp. (Uggla
et al. 2001, Roach et al. 2017).

Xylem ray cells and developing wood fibers may not be sym-
plasmically connected, suggesting that photosynthates exit the
ray cells toward the fibers apoplasmically (Figure 4B) (Chaffey
and Barlow 2001). This implies the presence of sucrose trans-
porters in both ray cells and fibers. Several SWEET transporters
have been described in herbaceous plants as involved in sucrose
transport in sink tissues (Table 1) (Le Hir et al. 2015, Sosso
et al. 2015, Ma et al. 2017, Shammai et al. 2018, Yang et
al. 2018, Kim et al. 2021). The identification of SWEETs in
several tree species, such as rubber tree (Hevea brasiliensis
(Willd. ex A.Juss.) Müll.Arg.) (Sui et al. 2017), L. chinensis (Xie
et al. 2019), tung tree (Vernicia fordii (Hemsl.) Airy Shaw)
(Cao et al. 2019) and poplar (P. trichocarpa) (Zhang et al.
2021) together with the differential expression of the orthologs

SWEET2, -11 and -12 in poplar xylem (Mahboubi and Niittylä
2018), makes them good candidates for being involved in the
sucrose efflux from xylem ray cells. In support of this model,
overexpression of SWEET7 in aspen increased the xylem area
and the stem height and diameter, suggesting that increased
SWEET levels increases C allocation to xylem (Zhang et al.
2021). On the other hand, the sucrose/proton symports SUTs
are involved in sucrose uptake in fibers. Some of them have
been studied in herbaceous plants (Table 1) (Baud et al. 2005,
Hackel et al. 2006, Eom et al. 2012, Milne et al. 2017). In
hybrid aspen (P. tremula × tremuloides) fibers, the silencing
of the plasma membrane sucrose transporter SUT3 generated
alterations in the secondary cell wall chemical composition
and reduced secondary cell wall formation due to impaired C
transport, suggesting that this mechanism is important for the
transport of sucrose into fiber cells (Table 1) (Mahboubi et al.
2013).

Although studies on phloem unloading processes of polyols
in trees are limited, work on mannitol and sorbitol transport
shed light on the possible mechanisms. Olive trees accumulate
mannitol in fruits (also a strong sink tissue) via a mannitol/proton
transporter (MaT1) (Conde et al. 2007), suggesting that the
phloem unloading is apoplasmic in this tissue and species
(Conde et al. 2008). Other polyols, such as dulcitol, sorbitol and
xylitol, can compete with mannose for the uptake through this
transporter (Conde et al. 2007). Two SOTs, whose expression
is associated to sorbitol accumulation in sink tissue, have been
cloned from fruits of sour cherry (Prunus cerasus) (Gao et
al. 2003). Besides, SOT1 expression levels are reduced in
apple when leaf sorbitol synthesis is reduced (Li et al. 2018),
suggesting that they are involved in the incorporation of sorbitol
into the fruits.

Transporters of RFOs have not been identified in plants so far.
However, the presence of a raffinose transporter was postulated
to exist in the chloroplast membrane of Arabidopsis and Ajuga
reptans L. leaves based on raffinose uptake into isolated chloro-
plasts (Schneider and Keller 2009). This transporter would be
involved in carrying the raffinose from its synthesis site in the
cytosol to the chloroplasts to scavenge reactive oxygen species.
Based on this work, other authors have proposed that such RFO
transporters would be involved in stress responses (Valluru and
Van den Ende 2011) and in apoplasmic phloem unloading (Hu
et al. 2011).

The catabolism of different carbon forms in wood fibers and
other sink tissues

After carbohydrates move across the ray cells, they can be
stored in the axial parenchyma cells or they can be delivered to
the developing xylem cells such as fibers (Figure 4B). Sucrose
can be degraded in these sink cells by sucrose synthase (SUS)
and/or invertases (INVs) (Figure 5A). Sucrose synthase (SUS)
is a cytosolic enzyme that degrades sucrose into UDP-glucose
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472 Dominguez and Niittylä

Figure 5. Catabolism of phloem mobile carbon forms. (A) Sucrose (orange). (B) Sugar alcohols (greens and blues). (C) Raffinose family of
oligosaccharides (gray). The colors of the circles indicate the type of plant for which there is evidence for each enzyme.

and fructose (Ruan 2014). While there are indices in several
trees that SUS is involved in wood C metabolism, including
Pinus radiata D. Don (Li et al. 2012) and Catalpa fargesii
Bureau (Lu et al. 2018), functional studies have only been
performed in aspen (Populus sp.) (Table 1). This species has
seven SUS genes, called SUS1–SUS7 (Zhang et al. 2011).

Alteration of aspen SUS1 and SUS2 levels affects the total
amount of secondary cell wall polymers and wood biomass,
characteristic of a key C allocation determinant (Coleman
et al. 2009, Gerber et al. 2014, Li et al. 2020, Dominguez
et al. 2021). While SUS catalyzes a reversible reaction, inver-
tases degrade sucrose into glucose and fructose irreversibly
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(Ruan 2014). They can be cytoplasm basic/neutral invertases
(CINs) or cell wall and vacuole acidic invertases (CWINVs and
VINs, respectively) (Bocock et al. 2008, Ruan 2014, Chen
et al. 2015). The reduction of CIN1 and CIN2 expression in
hybrid aspen reduces cellulose levels, suggesting that they
contribute to sucrose degradation and cellulose synthesis in
developing wood (Rende et al. 2017). Acidic invertase activity
is also detected in wood (Chen et al. 2015). CWINVs are
expressed in the xylem of Populus (Chen et al. 2015, Sundell
et al. 2017), while one Cell wall invertases is specifically
expressed in growing tissues, including xylem, in hybrid aspen
(Canam et al. 2008). These data suggest that CWINV could
also have a role in sucrose degradation in sink tissues. Cell
wall invertase activity is coupled to hexose transporter activity
in recipient cells; thus, future studies on the roles of CWINVs
and hexose transporters should increase the knowledge on the
fine tuning of sucrose catabolism in wood. Moreover, two VINs
(Potri.015G127100 and Potri.003G112600) are differentially
expressed in the expansion zone of aspen wood, suggesting
that they are involved in the cell expansion process providing C
and energy (see Figure S1 available as Supplementary data at
Tree Physiology Online) (Sundell et al. 2017).

The general pathway of mannitol catabolism in plants has
been elucidated in herbaceous plants (Stoop et al. 1996,
Noiraud et al. 2001), and it is believed to be conserved in
olive trees (Figure 5B, Table 2) (Conde et al. 2008). In sink
tissues, mannitol is first converted to mannose via a mannitol
dehydrogenase (MTD) (EC 1.1.1.255) (Stoop and Pharr 1992,
Williamson et al. 1995, Conde et al. 2011). This enzyme is
a pivotal control point for the regulation of mannitol levels in
celery (Stoop et al. 1996, Zamski et al. 2001). Mannose is next
phosphorylated into mannose-6-P by the action of a hexokinase
(HK) (EC 2.7.1.1) (Stoop and Pharr 1994). In general, plants
do not have specific mannose kinases, so mannose is assumed
to be phosphorylated by hexokinases (Renz and Stitt 1993).
Hexokinases are ubiquitous in plants (Aguilera-Alvarado and
Sánchez-Nieto 2017), and hexokinase activity is high in the
cambium and secondary cell wall formation zone in aspen
(Roach et al. 2017). The phosphorylation product mannose-
6-P is converted into fructose-6-P by a phospho-mannose
isomerase (EC 5.3.1.8) (Maruta et al. 2008).

There are two main sorbitol catabolic pathways (Figure 5B,
Table 2) (Walker et al. 2020). Sorbitol can be converted into
fructose by the action of the Sorbitol dehydrogenase (SDH)
(EC 1.1.1.14) in sink tissues (Negm and Loescher 1979,
Yamaguchi et al. 1994, Aguayo et al. 2013, Hartman et al.
2014). SDH has its highest activity on sorbitol but it can oxidize
other polyols such as xylitol and ribitol as well (Jia et al. 2015).
It is a key step in the regulation of sorbitol content in plants
(Nosarzewski et al. 2012, Jia et al. 2015) and it contributes
to the accumulation of sorbitol in sink tissues such as fruits
and developing leaves of Rosaceae trees (Loescher et al. 1982,

Yamaguchi et al. 1996, Nosarszewski et al. 2004). The product
fructose is further phosphorylated by a fructokinase (FK; EC
2.7.1.4) or a hexokinase (Stein and Granot 2019). In aspen
trees, albeit not being sorbitol loaders, reduction in fructokinase
activity leads to the reduction of C flux to developing wood
(Roach et al. 2012). This suggests that fructokinase could be
a link between sorbitol metabolism and C allocation to wood
in sorbitol loaders. An alternative sorbitol catabolic pathway
is through the sorbitol oxidase (SOX; Walker et al. 2020),
turning it into glucose, which can be further phosphorylated by
a hexokinase. This mechanism has been shown to exist in peach
fruits (Lo Bianco and Rieger 2002) and seeds (Morandi et al.
2008).

The catabolism of other polyols has not been studied in detail
in plants (Table 2). It is worth noting that polyol catabolism in
wood has received little attention, even in species in which a
significant amount of C is transported as polyols and wood is the
main sink tissue, e.g., pinitol in Scots pine and Norway spruce
(Figure 3).

The catabolism of RFOs in trees has been scarcely stud-
ied, but studies in other species can give clues about the
pathways that may exist in trees (Table 3). The RFOs are
rapidly metabolized upon arrival to the sink tissue, showing
low levels in sink tissues when they are used with the aim
of transporting C (Hubbard et al. 1989, Carmi et al. 2003).
This is clearly observed in cucumber, in which stachyose is
found in high levels in leaves but in extremely low levels in
the fruits, which suggests that they are converted into simpler
sugars in the SEs of the fruits (Hu et al. 2009, Ma et al.
2019). Reverse reactions of the RFO synthesis pathway shown
in Figure 2C can lead to the catabolism of RFOs (Figure 5C)
(Madore 2001). Thereby, stachyose can be converted into
raffinose and galactinol by the action of stachyose synthase.
The reaction product raffinose can be converted to sucrose and
galactinol by a raffinose synthase. These reactions are believed
to control the flux of RFOs in the tissues (Sengupta et al.
2015). An alternative pathway can be led by α-galactosidases
(EC 3.2.1.22), which sequentially remove galactose groups
from RFOs (Madore 2001). They can be either neutral/basic
or acid and have been described in squash (Cucurbita sp.),
melon (Cucumis melo L.), Arabidopsis and Coleus blumei Benth
(Plectranthus scutellarioides (L.) Benth.) (Table 3) (Gaudreault
and Webb 1983, Gao and Schaffer 1999, Madore 2001, Carmi
et al. 2003, Peters et al. 2010). These reactions are believed
to be involved in the phloem unloading of RFOs in sink tissues
(Gaudreault and Webb 1983, Pharr and Sox 1984, Gao and
Schaffer 1999).

Interaction between phloem and xylem

The ray and axial parenchyma in sycamore maple (A. pseudo-
platanus), poplar and eucalyptus were shown to form a 3D
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symplasmic transport pathway through plasmodesmata by
applying fluorescent tracers (Chaffey and Barlow 2001, Ehlers
and van Bel 2010, Sokolowska and Zagórska-Marek 2012,
Pfautsch et al. 2015b). Wood cells are also connected by
different types of pits, which are channels that facilitate the
solute exchange between different cell types, including simple
pits between parenchyma cells as well as between vessels
and parenchyma cells, bordered pits between vessels and
half-bordered pits between fiber cells and parenchyma cells
(Chattaway 1951, Van Bel 1990, Ek et al. 2009, Spicer 2014,
Pfautsch et al. 2015a, Slupianek et al. 2019). Vessel-associated
cells (VACs) and paratracheal parenchyma, which are cell types
in contact with vessels, can modify the content of xylem sap
(Plavcová and Jansen 2015, Morris et al. 2018). These cells
form a continuum with vessel-distant ray and axial parenchyma,
which stretches to the phloem. Besides, sugar transport in
xylem sap during growth has also been described (Mayrhofer
et al. 2004, Diacci et al. 2021). Combined, these anatomical
and transport results suggest that xylem functions as a sink-
to-source translocation system during growth in trees. These
data also emphasize that the vascular system is interconnected,
which supports its role as an integrator of the root-to-shoot
and shoot-to-root signaling networks (Lucas et al. 2013). For
example, changes in xylem sap metabolome and proteome
composition induced by variations in the nitrogen nutrition
are associated with large alterations in the systemic defense
transcripts in leaves of poplar (Populus × canescens) (Kasper
et al. 2021). In this root-to-shoot and shoot-to-root signaling
networks, cells associated to the vessels (such as VACs and
paratracheal parenchyma) could have a determinant role given
their strategic connection with vessels and, in the case of VACs,
their functional specialization in solute transport.

Communication between source and sink organs is essential
for coordinating C assimilation and partitioning during growth
(Yu et al. 2015). If the sink tissue strength is altered, then
the source tissue performance will also be affected through
feedback mechanisms, possibly through xylem transmitted sig-
nals (Chang and Zhu 2017). Typical examples of reduction of
the sink strength are root area reduction and impaired phloem
transport, which are known to produce C assimilation alterations
in trees (Campany et al. 2017, Jing et al. 2018, Rainer-Lethaus
and Oberhuber 2018). This regulation can happen at other
levels as well. Coleman et al. (2008) found that reduction in
lignin synthesis in stems by silencing the enzyme coumaroyl 3′-
hydroxylase reduced photosynthesis due to the accumulation
of photosynthates in sources tissues. Sucrose is known to be a
xylem signal that controls assimilate partitioning in herbaceous
species (Chiou and Bush 1998, Griffiths et al. 2016). Given that
sucrose is the main form of C transport in trees and that sucrose
and/or its turn over inhibits photosynthesis in the leaves of some
trees (Layne and Flore 1995, Zhou and Quebedeaux 2003,
Nebauer et al. 2011), a similar role as a xylem signal regulating

leaf C assimilation could be expected in trees. However, more
research addressing sink tissue activity, sucrose xylem content
and leaf physiology is needed to corroborate these links. In
fact, many other metabolites have been detected in the phloem
(Figure 3) (Dinant et al. 2010, references therein) and xylem
sap of trees (Saranpää and Höll 1989, Schill et al. 1996,
Deslauriers et al. 2014, Diacci et al. 2021, Kasper et al.
2021), but whether these metabolites have other roles beyond
C mobilization is not very well known. Sorbitol, for example, also
increases together with sucrose when sink activity is limited
in fruit trees (Layne and Flore 1995, Zhou and Quebedeaux
2003), suggesting that it could potentially function as a xylem
signal. Other type of molecules such as peptides could also
be acting as signal molecules in both the phloem and the
xylem (Notaguchi and Okamoto 2015). Thus, studying the
relation between metabolites (and other type of molecules)
transported in the vessels and different environmental cues
could help to understand the long-distance coordination of
the functioning of organs and tissues. Cytokinins, gibberellins,
trehalose- 6-P, SnRK1.11 and hexokinase are thought to be
involved in the source–sink signaling in herbaceous species
(Rolland et al. 2006, Chang and Zhu 2017). The molecular
aspects of the source–sink regulatory mechanisms are scarcely
known in trees, including the signaling steps, the sensing of the
signaling and the identity of the signals. A combination of tracer
experiments, metabolomics and proteomics measurements on
vessel exudates, and grafting experiments could be used to
move the field forward. Furthermore, sometimes, low rates of
sink tissue growth coincide with high availability of photoas-
similates (Körner 2015), or C storage exceeds the balance of
C supply and demand under stress (Sala et al. 2012). Hence,
the evaluation of different environmental effects (e.g., nutritional
status, exposure to stresses) could help to define the long-
distance signals that produce C allocation trade-offs during
stress/nutrient deficit.

Carbon transport during growth-dormancy
transitions in trees

Trees of temperate and cold regions have an annual growth
cycle controlled by environmental conditions such as light and
temperature that prevents growth under unfavorable conditions
(Campoy et al. 2011, Maurya and Bhalerao 2017, Tixier et al.
2019). In winter, trees undergo a process of dormancy, charac-
terized by changes in the metabolic activity, the arrest of growth
and cold acclimatation, while in spring, growth is resumed. A
particularly important metabolic pool in these growth-dormancy
transitions is the stored C. The wood C storage sites can be
the axial parenchyma cells and/or the ray cells (Spicer 2014).
In the model trees Populus sp., axial parenchyma cells are rare
so most of the reserves are found in the ray cells (Sauter
and Kloth 1987, Sauter and van Cleve 1994, Larisch et al.
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2012). Another important C storage tissue in trees is roots
(Loescher et al. 1990). In trees, the main storage form of C
is starch, which is synthetized from ADP-glucose in plastids
(reviewed by Noronha et al. 2018). Starch can be transformed
into sucrose, and other C forms such as glucose, fructose or
polyols (mainly mannitol and sorbitol) to be used by sink tissues
(Loescher et al. 1990, Witt and Sauter 1994, Moing 2000).
Many trees also store lipids, and in aspen, a possible relationship
between lipid storage and annual cycle was observed (Grimberg
et al. 2018, Watanabe et al. 2018). Genera such as Pinus
and Picea accumulate high levels of lipids in wood, but no
variations across seasons were detected in these trees (Hoch et
al. 2003). Furthermore, RFOs such as raffinose are also believed
to contribute to the C storage pool in some species (Moing
2000).

During winter, stored C is used to synthetize compatible
solutes such as sucrose, polyols and RFOs to preserve tissues
from cold/frost damage and to maintain respiration, membrane
stabilization and xylem refilling, among other life preserving
functions (Cox and Stushnoff 2001, Tarkowski and Van den
Ende 2015, Hacke and Laur 2016, Tixier et al. 2019). The
nature of the compatible solutes that are accumulated during
winter depends on the species. Rosaceae produce polyols
(Sakai 1966). In aspen, raffinose and stachyose levels increase
in early winter, while GolSII has been associated to seasonal
mobilization of carbohydrates (Unda et al. 2012, Unda et
al. 2017). Juglans sp. (walnut) produces sucrose, glucose
and fructose (Améglio et al. 2004). Pinus strobus L., willow
and Japanese white birch (Betula platyphylla var. japonica)
accumulate sucrose and raffinose during winter (Hinesley et
al. 1992, Ögren 1999, Kasuga et al. 2007). The accumulation
of sugars and polyols in the xylem during winter likely occurs
through facilitated or active transport (Sauter 1988, Améglio
et al. 2004, Decourteix et al. 2006, Ito et al. 2012) and may
be derived from the redistribution of the C between vessels
and cells around them instead of being a consequence of long-
distance transport (Noiraud et al. 2001, Améglio et al. 2004).
Other mechanisms also contribute to the accumulation of C
such as the activation of a phosphatase in chestnut (Castanea
sativa Mill.) xylem (CSDSP4) related to starch catabolism
during autumn (Berrocal-Lobo et al. 2011). The accumulated
compatible solutes are consumed when the temperature
increases as part of the dehardening process (Charrier et al.
2018). The metabolic changes during dormancy may also be
combined with anatomical changes affecting C transport in the
stem. In Populus sp., there is a pronounced reduction of the
number of plasmodesmata in the cambium during dormancy,
while their number increases when growth is reassumed (Fuchs
et al. 2010, Spicer 2014). Sealing of plasmodesmata with
callose may also occur during dormancy in hybrid aspen buds
in an abscisic acid (ABA)-dependent manner, which prevents

growth-promoting signals from accessing the meristem
(Tylewicz et al. 2018).

During the spring, the metabolic activity is characterized by
the nutrient remobilization from the storage compartments in
the main trunk, branches and roots, and the transport to the
sink tissues to sustain growth (Sauter and Ambrosius 1986,
Witt and Sauter 1994, Maurya and Bhalerao 2017, Noronha
et al. 2018). Especially important sink tissues and organs
during this period are the cambial zones, the leaf buds, which
will flush and develop into leaves (also called the bud break
process or budburst) (Young et al. 2018), and flower buds,
which will form flowers (Goeckeritz and Hollender 2021).
During growth resumption, the circulation of C from the storage
compartments in the stem to the cambium is characterized by
the degradation of starch or other forms of C storage followed
by the transport to the cambial cells (Figure 4C) (Chaffey
and Barlow 2001). In addition, already prior to bud flush
photosynthetically active tissues such as green branches can
contribute C to cambium zone via phloem as described above.
In other species, growth resumption occurs after bud flush,
so C is mainly obtained from photosynthetically active leaves
(Klein et al. 2016). If the C storage is in the axial parenchyma
cells, their breakdown products are transported to the ray cells
symplasmically (Figure 4C) (Chaffey and Barlow 2001). Carbon
is also transported symplasmically through the xylem rays to the
cambium rays together with the breakdown products of the C
storage located in the ray cells themselves. The other important
route is that of the C delivery to the growing buds (Figure 4C). It
involves the loading of the C into the xylem vessels, the transport
inside the vessels and the unloading of the C in the buds (Sauter
1982, Maurel et al. 2004, Decourteix et al. 2006, Alves et al.
2007). The amount of C in the xylem sap before the leaves
develop depends on the balance between the efflux of stored
sugars from xylem parenchyma into the vessels and the influx of
C from the vessels to the parenchyma cells, possibly mediated
by the VACs (Sauter 1980, Améglio et al. 2004, Alves et al.
2007, Bonhomme et al. 2010, Morris et al. 2018). Xylem
vessels and VACs are connected through pits and the solute
exchange is likely mediated by transporters and pit anatomy.
These pits contain an amorphous layer, possibly to enlarge the
exchange surface; this layer is enriched in arabinogalactan-rich
glycoproteins and extensins, which may play a structural role in
modulating pit structure and permeability (Plavcová and Jansen
2015, Abedi et al. 2020). Vessel-associated cells (VACs) and
parenchyma cells are in symplasmic continuity in species such
as Robinia pseudoacacia L. and walnut (Fromard et al. 1995,
Alves et al. 2001, Améglio et al. 2004, Alves et al. 2007). More
recently, it has been suggested that while the xylem transports
C, this transport would be driven by the Münch flow in the
phloem when the transpiration is limited (Tixier et al. 2017).
In some species such as walnut, the C is converted into starch
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again once it arrives to the buds, and it is later degraded for use
in the shoot apical meristems (Young et al. 2018).

The preferred source of C (either stored C or recently fixed C)
during the onset of growth in spring depends on the species.
Huang et al. (2014) modeled the growth of two conifers, P.
mariana and Abies balsamea (L.) Mill., and observed that in
these evergreen species, the activation of the cambium and
the formation of the new xylem tissue is initiated prior to
the budburst, and therefore, C produced by older needles and
reserves (starch, lipids) are used as a source of C and energy.
This is in agreement with what was observed in other conifers
(Rossi et al. 2009, Zhai et al. 2012). Following budburst in
deciduous trees, the C transported from the newly formed leaves
is used as energy source. In poplar, where the activation of
the cambium and the budburst occur at the same time while
flowering precedes them, the main source for the development
of the xylem at the onset of growth also comes from reserves
(Linkosalo 1999, Begum et al. 2007, Deslauriers et al. 2009).
The dependence of sink tissues on C from xylem is evidenced by
the increased starch degrading enzyme activities and decreased
starch content in the xylem during the bud break in several trees
including peach and walnut (Alves et al. 2007, Bonhomme et
al. 2010, Tixier et al. 2017) and the increased C levels in the
xylem sap (Sauter 1980, Alves et al. 2007, Bonhomme et al.
2010, Ito et al. 2012). On the other hand, in species such as
Fagus sylvatica L. and Quercus petraea (Matt.) Liebl., where the
budburst occurs before the activation of the cambium, the onset
of the xylem formation coincides with the C assimilation by the
newly formed leaves (Klein et al. 2016). The onset of growth
is also affected by the differential responses of leaves and
cambium to the environment, which can lead to unsynchronized
behavior (Delpierre et al. 2016), and the existence of additional
sources of C such as stem photosynthesis (Aschan and Pfanz
2003, Vandegehuchte et al. 2015). The preference in the use
of either stem starch, which requires long-distance transport, or
branchlet starch, which is C stored closer to buds, varies also
between species (Klein et al. 2016, Tixier et al. 2019).

The origin of the C used during the phenological phases of
trees is not always well understood (Sala et al. 2012, Körner
2015). The difficulty lies in the variety of factors that affect the
coordination between starch metabolism, photosynthesis, the
availability of C and the activity of the cambium. Trees exhibit
high constitutive C storage, which is not always proportional to
the balance of C supply and demand. This suggests that stored C
has additional functions to its established role of compensation
for periods of photoassimilate shortage (Sala et al. 2012). This
is evidenced by the formation of starch even at the cost of
reducing growth (Wiley and Helliker 2012) and by the existence
of starch pools that are not available for the day-to-day needs
(Carbone et al. 2013). The latter type of stored C, which
has a slow metabolism, is probably reserved for contingencies
(Carbone et al. 2013).

Another factor affecting C storage is wood anatomy. For
example, Quercus, which bears ring-porous wood, is thought to
require a greater amount of C reserves due to the increased
hydraulic risk associated with this anatomy compared with
diffuse-porous wood anatomy (Klein et al. 2016). Besides, tree
height correlates positively with non-structural carbohydrates
(NSC) and inversely with leaf water and osmotic potentials,
suggesting that taller trees require more NSC probably to cope
with stress (Woodruff and Meinzer 2011, Sala et al. 2012).
Moreover, trees can undergo growth arrest even in conditions
of high C availability (Körner 2015), which indicates that there
are several growth-limiting constraints (stress, nitrogen deficit,
etc.) in addition to photosynthesis. This emphasizes that studies
should focus on the whole plant and not just on individual
tissues/organs such as buds to fully understand the mobilization
of C during the different phenological phases of trees.

Origin of mobile forms of carbon and distribution

The capacity of sucrose synthesis in plants has a procaryotic
origin associated with the symbiotic bacteria that evolved into
organelles. Sucrose can be synthesized by both cyanobacteria,
which gave rise to chloroplasts, and proteobacteria, which gave
rise to mitochondria in eucaryotes. However, only plant cells
can synthesize sucrose (MacRae and Lunn 2012). Therefore,
the evolutionary origin of sucrose production by plants is
thought to date back to the cyanobacterial ancestors of chloro-
plasts (Salerno and Curatti 2003, MacRae and Lunn 2012).
In cyanobacteria, sucrose plays a role as a compatible solute to
fight stress (MacRae and Lunn 2012). During evolution, the site
of sucrose synthesis was transferred from chloroplasts to the
cytosol, possibly to maintain an osmotic balance between the
chloroplasts and the cytosol (MacRae and Lunn 2012). Hence,
the sucrose synthesis capacity existed in charophyte algae prior
to the evolution of the plant vascular system, and therefore, it
is believed that sucrose influenced the evolution of the vascular
tissue system (Cho et al. 2017). The presence of sucrose as a
transport molecule in all higher plant species further supports its
early evolutionary origin. This also means that the evolution of
the entire enzymatic and regulatory system of sucrose occurred
simultaneously with the development of the vascular tissues. For
example, the characteristics that distinguish the SPSs of plants
from those of cyanobacteria (such as the phosphorylation at
Ser229 and Ser424 sites) arose during the divergence of the
algae of the stratophyte lineage, which is associated to the
use of sucrose in long-distance C transport (MacRae and Lunn
2012). Studies on the evolution of plant invertases revealed that
CINs are ancient, stable and highly conserved, probably related
to their functions in sugar homeostasis, while CWINVs (and
their inhibitors) have coevolved with vascular plants, probably
related to their functions in phloem unloading (Wan et al.
2018).
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The reason why sucrose is the main C transport molecule and
not polyols, which have similar physicochemical properties and
also exist in bacteria, is unclear (MacRae and Lunn 2012). The
species that transport polyols as main C source (Rosaceae such
as peach, apple and pear trees) have a greater number of genes
associated with the metabolism of polyols, mostly generated
by gene duplications (Velasco et al. 2010, Verde et al. 2013,
Wu et al. 2013, Qiao et al. 2018). In contrast, strawberries
(which belong to the Rosaceae family, Rosoideae subfamily, and
do not accumulate polyols) do not differ in the number of genes
associated with sorbitol metabolism in comparison with other
species that do not transport sorbitol as a major C source (Verde
et al. 2013). This suggests that the expansion of the gene family
involved in the metabolism of polyols in Rosaceae is associated
with their capacity to accumulate these compounds and that the
drivers for this gene expansion arose after sucrose had already
become the major sugar transported by plants.

Unlike polyols, RFOs are only present in higher plants (Sen-
gupta et al. 2015), and therefore, their acquisition as a transport
form of C did not precede sucrose. The phylogenetic analyses of
the RFO synthesis-related enzymes, GolS, RafS and StaS, have
revealed that dicots clearly separate from monocots in relation
to the protein sequence of GolS and RafS, unlike StaS, which
does not show a clear separation between those plant types
(Sengupta et al. 2015). This suggests that the initial synthesis
of RFO until raffinose evolved separately from the latter steps of
RFO synthesis.

Knowledge of the different mobile forms of C and the
transport mechanisms among plant species and families remains
limited (Tables 1–4). The number of large-scale studies eluci-
dating the distribution of mobile forms of C and their transport
mechanisms is scarce. The aforementioned works by Mer-
chant et al. (2007), who studied the distribution of polyols
in various species of eucalyptus, and by Rennie and Tur-
geon (2009) and Fu et al. (2011), who studied the phloem
loading mechanism in various species using biochemical and
physiological techniques, stand out as the sole large-scale
studies in the field. Macroevolutionary studies of the differ-
ent forms of C transport and associated mechanisms are
lacking. The role of polyols and RFOs in stress responses
and the metabolic flexibility that comes with the ability to
transport several C forms could be the reasons of the emer-
gence of these compounds as mobile C forms together with
sucrose. Comparison of the available studies (Tables 1–4) does
not reveal obvious association between types of transported
molecules, transport mechanisms, species and their growth
environments, and in general, there are no notable differences
in the C transport between angiosperms and gymnosperms.
Possibly, this is due to the multiplicity of environmental factors
that have been shaping the transport of C in the different
species throughout evolution. It is also possible that there are
unrecognized or unevaluated evolutionary forces that have

influenced long-distance C transport, perhaps most notably in
the rhizosphere.

Carbon export to the rhizosphere

Trees export 6–20% of the assimilated C from roots to the sur-
rounding rhizosphere to the benefit of symbiotic rhizobacteria
and mycorrhizal fungi (Bago et al. 2000, Wang et al. 2017,
Schiestl-Aalto et al. 2019). This makes these bacteria and fungi
into a strong C sink and, thus, into a major phloem unloading
driver. Mycorrhizal fungi are ubiquitous, being present in ∼80%
of angiosperms and in all gymnosperms (Wilcox 1991). In
exchange for C, these fungi provide other nutrients to the plants
(phosphorus, nitrogen, ionic metals), which are inaccessible to
them due to their chemical forms or to their physical distance
(Phillips et al. 2013, Wang et al. 2017). It is generally believed
that the plant provides C to mycorrhizal fungi in the form of
hexoses, organic acids and/or lipids (Garcia et al. 2016, Wang
et al. 2017). Other forms of C, such as sucrose, are converted
by plants into the forms used by fungi.

Most tree species form symbioses with either arbuscular myc-
orrhizal (AM) fungi, which is the most common type of endomy-
corrhiza, or ectomycorrhizal (EM) fungi, nearly all of which asso-
ciate only with trees (Phillips et al. 2013). Broadly speaking,
EM predominate in boreal forests and AM in tropical zones,
while temperate zones have forests with both predominant EM
species and predominant AM species (Phillips et al. 2013, Chen
et al. 2016, Hasselquist et al. 2016, Rog et al. 2020). The way
AM and EM interact with plants is different and there may be
differences even among taxa within each group (Phillips et al.
2013). The AM–plant relationship is believed to have arisen
over 400 million years ago, while the EM–plant relationship
originated over 100 million years ago (Brundrett 2002). The
co-evolution of these fungi and plants have generated forms of
reciprocal regulation of the exchange of nutrients, which allows
them to have a stable symbiotic relationship (Wang et al. 2017).
In a model of the establishment of the AM–plant symbiotic
relationship, the plant increases the transport of C to the fungus
only if it detects an increase in the flow of phosphorus which
would establish a positive feedback in the transport of C to
the fungus (Wang et al. 2017). A similar control mechanism
for EM could occur (Bogar et al. 2019), but it would not
be universal (Näsholm et al. 2013, Stuart and Plett 2020).
On the other hand, mycorrhizae can affect the characteristics
of the roots (Sheng et al. 2009, Chen et al. 2016), and in
turn this can affect the functionality of the leaves (Freschet et
al. 2015, Jing et al. 2018), which would imply the existence
of a leaf–root–symbiont connection. Furthermore, it is believed
that it is the same nutrients transported between trees and
symbionts that act as signals controlling exchange (Garcia et al.
2015), although more studies are needed to provide evidence
in this regard. Besides, trees with associations with EM are
connected to each other through the mycelium of the EM
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fungi, in a structure aptly named the ‘wood wide web’, through
which they share nutrients and signals (Simard et al. 1997).
Through this fungal network, trees direct more resources to
their offspring than they do to unrelated trees (Pickles et al.
2017).

The fact that mycorrhizal fungi form a strong sink tissue,
the existence of a leaf–root–mycorrhiza communication, the
reciprocal regulation of nutrient transport between trees and
mycorrhizae, the distribution of nutrients and signals from the
EM mycelia among the trees of a forest, added to the long
history of co-evolution of trees and mycorrhizae, allow us to
hypothesize that these symbiotic relationships have also had an
effect on the composition, flow and transport mechanisms of
C from source tissues to sink tissues in trees. Furthermore, the
fact that the symbiosis between an individual mycelium and a
tree increases the chances that the mycelium associates with
other seedlings of the same genotype (Pickles et al. 2017),
could hypothetically be associated with the specialization in C
transport to reduce the risk of losing C to competing species.

In the plant rhizosphere (the area around the roots rich in
components exuded by them including sugars, amino acids,
organic acids, vitamins and other compounds) free-living bac-
teria and fungi also proliferate that benefit from the root exu-
dated compounds (Singh et al. 2019). These micro-organisms
growing in close relationship with the roots have a central
role in ecosystem processes and nutrient cycling. An important
group of rhizosphere bacteria are the plant growth promot-
ing rhizobacteria (PGPR), defined as those bacteria that have
at least one characteristic that increases plant growth, e.g.,
being involved in nitrogen fixation, or phytohormone production
(Diaz-Garza et al. 2020). Thus, the presence of these micro-
organisms is beneficial for plants, and throughout evolution,
they have developed various ways of plant–microorganism com-
munication, including hormonal and volatile compound control
(Singh et al. 2019). It has been documented that some herba-
ceous species can alter the surrounding rhizosphere microbiota
according to their stage of development upon the control of the
compounds exudated to the soil (Zhalnina et al. 2018). In trees,
PGPR have been characterized in orange trees (Diaz-Garza et
al. 2020), apple trees (Guo et al. 2014), birch (Zappelini et
al. 2018) and Lauraceae species (Báez-Vallejo et al. 2020).
Therefore, as with mycorrhizae, it could be proposed that these
microorganisms that have co-evolved with plants (Lambers et al.
2009) have also influenced the development of long-distance
C transport.

The relationships between trees and underground bacteria
and fungi have co-evolved over millions of years with the aim
of sharing nutrients. Understanding these relationships and their
possible effect on the development of long-distance C transport
could shed further light on the evolution of long-distance C
transport and the factors that affect it.

Conclusions and prospects

How trees metabolize and transport C is a central part of
biomass formation in trees. The main form of transported C
in plants is sucrose. The focus on sucrose has led to signif-
icant advances in our understanding of sucrose metabolism
and transport. In many tree species, sucrose is transported
together with other metabolites, especially polyols and RFOs.
Our knowledge on the biochemistry and physiology related
to these metabolites has significant gaps, especially in the
stems. Studies on the synthesis and degradation of polyols
and ROFs are essentially based on measurements of enzymatic
activities of tissue extracts. Despite the availability of gene
sequences in data repositories, their use to study different
aspects of polyols and ROFs has been limited. Therefore, there is
a large study field that deserves to be explored further, including
phylogenetic analyses, advanced enzymatic biochemical studies
and functional studies utilizing transgenic plants. Moreover,
existing studies employing transgenics focus on the role of
polyols and RFOs in stress responses and do not explore
their role in C transport, with the exception of studies on
tree fruits that transport polyols. Some of the topics that need
further attention include the quercitol synthesis pathway; the
catabolism pathways of the majority of polyols in the trunk;
the major synthesis and degradation pathways of ROFs in
trees; the identity of polyol and RFO transporters in the trunk;
the role of SWEET transporters whose function has not been
described in trees, although they have been studied in several
herbaceous species; and the co-regulation of the transport of
different forms of C in species that simultaneously transport
sucrose, polyols and/or RFOs under different conditions, and
their possible impact on the generation of wood biomass and C
allocation to wood. Studies on the signaling role of molecules
transported in the xylem sap are incipient in plants. Due to
its potential impact on plant nutrition and biomass generation,
sink–source communication is a promising field that will help
us to understand the regulation of C transport and allocation
at the whole-tree level. The evolutionary origin of polyols and
RFOs as transport molecules is also still obscure. In addition
to evolution studies, large-scale studies aimed to study the
relationship between the transported C forms, the species and
the environment could help to understand the evolutionary
origin of the different mobile C forms and the associated long-
distance transport mechanisms. In this regard, we propose that
rhizosphere could have played an active role in the evolution of
long-distance transport of C in trees.

Supplementary data

Supplementary data for this article are available at Tree
Physiology Online.
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M, Tomášková I, Mellerowicz EJ, Niittylä T (2021) Sucrose syn-
thase determines carbon allocation in developing wood and alters
carbon flow at the whole tree level in aspen. New Phytol 229:
186–198.

Dumschott K, Richter A, Loescher W, Merchant A (2017) Post photo-
synthetic carbon partitioning to sugar alcohols and consequences for
plant growth. Phytochemistry 144:243–252.

Ehlers K, van Bel AJE (2010) Dynamics of plasmodesmal connectivity
in successive interfaces of the cambial zone. Planta 231:371–385.

Ek M, Gellerstedt G, Henriksson G (eds) (2009) Pulp and paper chem-
istry and technology, Vol. 2. Wood Chemistry and Wood Biotechnology.
De Gruyter, Berlin.

Elsayed AI, Rafudeen MS, Golldack D (2014) Physiological aspects of
raffinose family oligosaccharides in plants: protection against abiotic
stress. Plant Biol 16:1–8.

Eom JS, Choi SB, Ward JM, Jeon JS (2012) The mechanism of phloem
loading in rice (Oryza sativa). Mol Cells 33:431–438.

Everard JD, Cantini C, Grumet R, Plummer J, Loescher WH (1997)
Molecular cloning of mannose-6-phosphate reductase and its devel-
opmental expression in celery. Plant Physiol 113:1427–1435.

Falchi R, Bonghi C, Drincovich MF, Famiani F, Lara MV, Walker RP,
Vizzotto G (2020) Sugar metabolism in stone fruit: source-sink
relationships and environmental and agronomical effects. Front Plant
Sci 11:573982. doi: 10.3389/fpls.2020.573982

Fink D, Dobbelstein E, Barbian A, Lohaus G (2018) Ratio of sugar
concentrations in the phloem sap and the cytosol of mesophyll
cells in different tree species as an indicator of the phloem loading
mechanism. Planta 248:661–673.

Fischer C, Höll W (1991) Food reserves of scots pine (Pinus sylvestris
L.)—II. Seasonal changes and radial distribution of carbohydrate and
fat reserves in pine wood. Trees 6:147–155.

Flora LL, Madore MA (1993) Stachyose and mannitol transport in olive
(Olea europaea L.). Planta 189:484–490.

Freschet GT, Swart EM, Cornelissen JHC (2015) Integrated plant phe-
notypic responses to contrasting above- and below-ground resources:
key roles of specific leaf area and root mass fraction. New Phytol
206:1247–1260.

Fromard L, Babin V, Fleurat-Lessard P, Fromont JC, Serrano R,
Bonnemain JL (1995) Control of vascular sap pH by the vessel-
associated cells in woody species. Plant Physiol 108:913–918.

Fu Q, Cheng L, Guo Y, Turgeon R (2011) Phloem loading strategies
and water relations in trees and herbaceous plants. Plant Physiol
157:1518–1527.

Fuchs M, van Bel AJE, Ehlers K (2010) Season-associated modifica-
tions in symplasmic organization of the cambium in Populus nigra.
Ann Bot 105:375–387.

Furze ME, Trumbore S, Hartmann H (2018) Detours on the phloem
sugar highway: stem carbon storage and remobilization. Curr Opin
Plant Biol 43:89–95.

Gallinger J, Gross J (2018) Unraveling the host plant alternation of
cacopsylla pruni—adults but not nymphs can survive on conifers due
to phloem/xylem composition. Front Plant Sci 9:1–12.

Gao Z, Schaffer AA (1999) A novel alkaline α-galactosidase from
melon fruit with a substrate preference for raffinose. Plant Physiol
119:979–987.

Gao Z, Maurousset L, Lemoine R, Yoo S-D, van Nocker S, Loescher
W (2003) Cloning, expression, and characterization of sorbitol

transporters from developing sour cherry fruit and leaf sink tissues.
Plant Physiol 131:1566–1575.

Garcia K, Delaux PM, Cope KR, Ané JM (2015) Molecular signals
required for the establishment and maintenance of ectomycorrhizal
symbioses. New Phytol 208:79–87.

Garcia K, Doidy J, Zimmermann SD, Wipf D, Courty PE (2016) Take a
trip through the plant and fungal transportome of mycorrhiza. Trends
Plant Sci 21:937–950.

Gaudreault P-R, Webb JA (1983) Partial purification and properties
of an alkaline α-galactosidase from mature leaves of Cucurbita pepo.
Plant Physiol 71:662–668.

Gerber L, Zhang B, Roach M, Rende U, Gorzsás A, Kumar M, Burgert I,
Niittylä T, Sundberg B (2014) Deficient sucrose synthase activity in
developing wood does not specifically affect cellulose biosynthesis,
but causes an overall decrease in cell wall polymers. New Phytol
203:1220–1230.

Gessler A, Rennenberg H, Keitel C (2004) Stable isotope composition of
organic compounds transported in the phloem of European beech –
Evaluation of different methods of phloem sap collection and assess-
ment of gradients in carbon isotope composition during leaf-to-stem
transport. Plant Biol 6:721–729.

Goeckeritz C, Hollender C (2021) There is more to flowering than those
DAM genes: the biology behind bloom in rosaceous fruit trees. Curr
Opin Plant Biol 59:101995.

Griffiths C, Paul M, Foyer C (2016) Metabolite transport and associ-
ated sugar signalling systems underpinning source/sink interactions.
Biochim Biophys Acta 1857:1715–1725.

Grimberg Å, Lager I, Street NR, Robinson KM, Marttila S, Mähler N,
Ingvarsson PK, Bhalerao RP (2018) Storage lipid accumulation is
controlled by photoperiodic signal acting via regulators of growth
cessation and dormancy in hybrid aspen. New Phytol 219:619–630.

Gumber SC, Loewus MW, Loewus FA (1984) Myo-inositol-1-
phosphate synthase from pine pollen: sulfhydryl involvement at the
active site. Arch Biochem Biophys 231:372–377.

Guo H, Mao Z, Jiang H, Liu P, Zhou B, Bao Z, Sui J, Zhou X, Liu X
(2014) Community analysis of plant growth promoting rhizobacteria
for apple trees. Crop Prot 62:1–9.

Guy CL, Huber JLA, Huber SC (1992) Sucrose phosphate syn-
thase and sucrose accumulation at low temperature. Plant Physiol
100:502–508.

Haab CI, Keller F (2002) Purification and characterization of the
raffinose oligosaccharide chain elongation enzyme, galactan:galactan
galactosyltransferase (GGT), from Ajuga reptans leaves. Physiol Plant
114:361–371.

Hacke UG, Laur J (2016) Xylem refilling—a question of sugar trans-
porters and pH? Plant Cell Environ 39:2347–2349.

Hackel A, Schauer N, Carrari F, Fernie AR, Grimm B, Kühn C (2006)
Sucrose transporter LeSUT1 and LeSUT2 inhibition affects tomato fruit
development in different ways. Plant J 45:180–192.

Hajirezaei MR, Takahata Y, Trethewey RN, Willmitzer L, Sonnewald U
(2000) Impact of elevated cytosolic and apoplastic invertase activity
on carbon metabolism during potato tuber development. J Exp Bot
51:439–445.

Hartman MD, Figueroa CM, Piattoni CV, Iglesias AA (2014) Glucitol
dehydrogenase from peach (Prunus persica) fruits is regulated by
thioredoxin h. Plant Cell Physiol 55:1157–1168.

Hartman MD, Figueroa CM, Arias DG, Iglesias AA (2017) Inhibition
of recombinant aldose-6-phosphate reductase from peach leaves
by hexose-phosphates, inorganic phosphate and oxidants. Plant Cell
Physiol 58:145–155.

Hashida Y, Hirose T, Okamura M, Hibara K ichiro, Ohsugi R, Aoki N
(2016) A reduction of sucrose phosphate synthase (SPS) activity
affects sucrose/starch ratio in leaves but does not inhibit normal plant
growth in rice. Plant Sci 253:40–49.

Tree Physiology Online at http://www.treephys.oxfordjournals.org

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/42/3/458/6372535 by guest on 19 January 2023

https://doi.org/10.3389/fpls.2020.573982


482 Dominguez and Niittylä

Hasselquist NJ, Metcalfe DB, Inselsbacher E, Stangl Z, Oren R, Näsholm
T, Högberg P (2016) Greater carbon allocation to mycorrhizal
fungi reduces tree nitrogen uptake in a boreal forest. Ecology
97:1012–1022.

Hell AF, Kretzschmar FS, Simões K, Heyer AG, Barbedo CJ, Braga
MR, Centeno DC (2019) Metabolic changes on the acquisition of
desiccation tolerance in seeds of the Brazilian native tree Erythrina
speciosa. Front Plant Sci 10:1–15.

Hinesley LE, Pharr DM, Snelling LK, Funderburk SR (1992) Foliar
raffinose and sucrose in four conifer species: relationship to seasonal
temperature. J Am Soc Hort Sci 117:852–855.

Hirai M (1981) Purification and characteristics of Sorbitol-6-phosphate
dehydrogenase from loquat leaves. Plant Physiol 67:221–224.

Hoch G, Richter A, Körner C (2003) Non-structural carbon compounds
in temperate forest trees. Plant Cell Environ 26:1067–1081.

Hu L, Sun H, Li R, Zhang L, Wang S, Sui X, Zhang Z (2011) Phloem
unloading follows an extensive apoplasmic pathway in cucumber
(Cucumis sativus L.) fruit from anthesis to marketable maturing stage.
Plant Cell Environ 34:1835–1848.

Hu L, Zhou K, Ren G, Yang S, Liu Y, Zhang Z, Li Y, Gong X, Ma
F (2020) Myo-inositol mediates reactive oxygen species-induced
programmed cell death via salicylic acid-dependent and ethylene-
dependent pathways in apple. Hortic Res 7:1–13.

Hu LP, Meng FZ, Wang SH, Sui XL, Li W, Wei YX, Sun JL, Zhang ZX
(2009) Changes in carbohydrate levels and their metabolic enzymes
in leaves, phloem sap and mesocarp during cucumber (Cucumis
sativus L.) fruit development. Sci Hortic 121:131–137.

Huang JG, Deslauriers A, Rossi S (2014) Xylem formation can be
modeled statistically as a function of primary growth and cambium
activity. New Phytol 203:831–841.

Hubbard NL, Huber SC, Pharr DM (1989) Sucrose phosphate syn-
thase and acid Invertase as determinants of sucrose concentration
in developing muskmelon (Cucumis melo L.) fruits. Plant Physiol
91:1527–1534.

Huber SC, Huber JL (1992) Role of sucrose-phosphate synthase in
sucrose metabolism in leaves. Plant Physiol 99:1275–1278.

Ito A, Sakamoto D, Moriguchi T (2012) Carbohydrate metabolism and
its possible roles in endodormancy transition in Japanese pear. Sci
Hortic (Amsterdam) 144:187–194.

Itoh N (2018) Biosynthesis and production of quercitols and their
application in the production of pharmaceuticals: current status and
prospects. Appl Microbiol Biotechnol 102:4641–4651.

Jia Y, Wong DCJ, Sweetman C, Bruning JB, Ford CM (2015) New
insights into the evolutionary history of plant sorbitol dehydrogenase.
BMC Plant Biol 15:1–23.

Jing D W, Du Z Y, Wang M Y, Wang Q H, Ma H L, Liu F C, Ma
B Y, Dong Y F (2018) Regulatory effects of root pruning on leaf
nutrients, photosynthesis, and growth of trees in a closed-canopy
poplar plantation. PLoS One 13:1–12.

Johnson M, Sussex I (1995) 1 L-Myo-inositol 1-phosphate synthase
from Arabidopsis thaliana. Plant Physiol 107:613–619.

Kanayama Y (2009) Physiological roles of polyols in horticultural crops.
J Japanese Soc Hortic Sci 78:158–168.

Kasper K, Abreu IN, Freussner K et al. (2021) Multi-omics analysis
of xylem sap uncovers dynamic modulation of poplar defenses by
ammonium and nitrate. bioRxiv 2021.05.28.446139. https://doi.
org/10.1101/2021.05.28.446139.

Kasuga J, Arakawa K, Fujikawa S (2007) High accumulation of soluble
sugars in deep supercooling Japanese white birch xylem parenchyma
cells. New Phytol 174:569–579.

Killiny N (2016) Metabolomic comparative analysis of the phloem
sap of curry leaf tree (Bergera koenegii), orange jasmine (Murraya
paniculata), and Valencia sweet orange (Citrus sinensis) supports
their differential responses to Huanglongbing.

Kim J, Loo E, Pang T, Lercher M, Frommer W, Wudick M
(2021) Cellular export of sugars and amino acids: role in
feeding other cells and organisms. Plant Physiol 20. doi:
https://doi.org/10.1093/plphys/kiab228. Online ahead of print.

Klein T, Vitasse Y, Hoch G (2016) Coordination between growth,
phenology and carbon storage in three coexisting deciduous tree
species in a temperate forest. Tree Physiol 36:847–855.

Klepek YS, Geiger D, Stadler R, Klebl F, Landouar-Arsivaud L, Lemoine
R, Hedrich R, Sauer N (2005) Arabidopsis POLYOL TRANSPORTERS,
a new member of the monosaccharide transporter-like superfamily,
mediates H+-symport of numerous substrates, including myo-inositol,
glycerol, and ribose. Plant Cell 17:204–218.

Kong W, Sun T, Zhang C, Qiang Y, Li Y (2020) Micro-evolution analysis
reveals diverged patterns of polyol transporters in seven gramineae
crops. Front Genet 11:1–14.

Körner C (2015) Paradigm shift in plant growth control. Curr Opin Plant
Biol 25:107–114.

Laing WA, Bulley S, Wright M, Cooney J, Jensen D, Barraclough
D, MacRae E (2004) A highly specific L-galactose-1-phosphate
phosphatase on the path to ascorbate biosynthesis. Proc Natl Acad
Sci USA 101:16976–16981.

Lalonde S, Tegeder M, Throne-Holst M, Frommer WB, Patrick JW
(2003) Phloem loading and unloading of sugars and amino acids.
Plant Cell Environ 26:37–56.

Lambers H, Mougel C, Jaillard B, Hinsinger P (2009) Plant-microbe-soil
interactions in the rhizosphere: an evolutionary perspective. Plant Soil
321:83–115.

Larisch C, Dittrich M, Wildhagen H, et al. (2012) Poplar wood rays
are involved in seasonal remodeling of tree physiology. Plant Physiol
160:1515–1529.

Layne DR, Flore JA (1995) End-product inhibition of photosynthesis in
Prunus cerasus L. in response to whole-plant source-sink manipulation.
J Am Soc Hort Sci 120:583–589.

Le Hir R, Spinner L, Klemens PAW et al. (2015) Disruption of
the sugar transporters AtSWEET11 and AtSWEET12 affects vascu-
lar development and freezing tolerance in arabidopsis. Mol Plant
8:1687–1690.

Lemoine R, La Camera S, Atanassova R et al. (2013) Source-to-sink
transport of sugar and regulation by environmental factors. Front Plant
Sci 4:1–21.

Li B, Liu H, Zhang Y, Kang T, Zhang L, Tong J, Xiao L, Zhang H
(2013) Constitutive expression of cell wall invertase genes increases
grain yield and starch content in maize. Plant Biotechnol J 11:
1080–1091.

Li J, Gao K, Lei B, Zhou J, Guo T, An X (2020) Altered sucrose
metabolism and plant growth in transgenic Populus tomentosa with
altered sucrose synthase PtSS3. Transgenic Res 29:125–134.

Li M, Li P, Ma F, Dandekar AM, Cheng L (2018) Sugar metabolism and
accumulation in the fruit of transgenic apple trees with decreased
sorbitol synthesis. Hortic Res 5:60.

Li X, Wu HX, Southerton SG (2012) Identification of putative candi-
date genes for juvenile wood density in Pinus radiata. Tree Physiol
32:1046–1057.

Liakopoulos G, Stavrianakou S, Filippou M, Fasseas C, Tsadilas C,
Drossopoulos I, Karabourniotis G (2005) Boron remobilization at low
boron supply in olive (Olea europaea) in relation to leaf and phloem
mannitol concentrations. Tree Physiol 25:157–165.

Liesche J (2017) Sucrose transporters and plasmodesmal regulation in
passive phloem loading. J Integr Plant Biol 59:311–321.

Liesche J, Patrick J (2017) An update on phloem transport: a simple
bulk flow under complex regulation. F1000Research 6:1–12.

Liesche J, Schulz A (2012) In vivo quantification of cell coupling
in plants with different phloem-loading strategies. Plant Physiol
159:355–365.

Tree Physiology Volume 42, 2022

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/42/3/458/6372535 by guest on 19 January 2023

https://doi.org/10.1101/2021.05.28.446139
https://doi.org/https://doi.org/10.1093/plphys/kiab228


Mobile forms of carbon in trees 483

Linkosalo T (1999) Regularities and patterns in the spring phenology
of some boreal trees. Silva Fenn 33:237–245.

Lo Bianco R, Rieger M (2002) Partitioning of sorbitol and sucrose
catabolism within peach fruit. J Am Soc Hort Sci 127:115–121.

Loescher WH, Marlow GC, Kennedy RA (1982) Sorbitol metabolism
and sink-source interconversions in developing apple leaves. Plant
Physiol 70:335–339.

Loescher WH, McCamant T, Keller JD (1990) Carbohydrate reserves,
translocation, and storage in woody plant roots. HortScience
25:274–281.

Loescher WH, Tyson RH, Everard JD, Redgwell RJ, Bieleski RL (1992)
Mannitol synthesis in higher plants. Plant Physiol 98:1396–1402.

Loewus MW, Bedgar DL, Loewus FA (1984) 1L-myo-inositol 1-
phosphate synthase from pollen of Lilium longiflorum. An ordered
sequential mechanism. J Biol Chem 259:7644–7647.

Lu N, Mei F, Wang Z, Wang N, Xiao Y, Kong L, Qu G, Ma W,
Wang J (2018) Single-nucleotide polymorphisms(SNPs) in a sucrose
synthase gene are associated with wood properties in Catalpa fargesii
bur. BMC Genet 19:1–15.

Lucas WJ, Groover A, Lichtenberger R et al. (2013) The plant vascular
system: evolution, development and functions. J Integr Plant Biol
55:294–388.

Lunn JE, Rees TA (1990) Apparent equilibrium constant and mass-
action ratio for sucrose-phosphate synthase in seeds of Pisum
sativum. Biochem J 267:739–743.

Ma L, Zhang D, Miao Q, Yang J, Xuan Y, Hu Y (2017) Essential role
of sugar transporter OsSWEET11 during the early stage of rice grain
filling. Plant Cell Physiol 58:863–873.

Ma S, Li Y, Li X, Sui X, Zhang Z (2019) Phloem unloading strategies
and mechanisms in crop fruits. J Plant Growth Regul 38:494–500.

MacRae E, Lunn J (2012) Photosynthetic sucrose biosynthesis: an
evolutionary perspective. In: Eaton-Rye JJ, Tripathy BC, Sharkey TD
(eds) Photosynthesis: plastid biology, energy conversion and carbon
assimilation, advances in photosynthesis and respiration. Springer
Science+Business Media B.V., pp 675–702.

Madore MA (2001) Biosynthesis and degradation of galactosy-
loligosaccharides. In: Fraser-Reid BO, Tatsuta K, Thiem J (eds)
Glycoscience: chemistry and chemical biology I–III. Springer-Verlag
Berlin Heidelberg New York, pp 1661–1691.

Mahboubi A, Niittylä T (2018) Sucrose transport and carbon fluxes
during wood formation. Physiol Plant 164:67–81.

Mahboubi A, Ratke C, Gorzsás A, Kumar M, Mellerowicz EJ, Niittylä
T (2013) Aspen sucrose transporter 3 allocates carbon into wood
fibers. Plant Physiol 163:1729–1740.

Maloney VJ, Park JY, Unda F, Mansfield SD (2015) Sucrose phosphate
synthase and sucrose phosphate phosphatase interact in planta
and promote plant growth and biomass accumulation. J Exp Bot
66:4383–4394.

Maruta T, Yonemitsu M, Yabuta Y, Tamoi M, Ishikawa T, Shigeoka S
(2008) Arabidopsis phosphomannose isomerase 1, but not phos-
phomannose isomerase 2, is essential for ascorbic acid biosynthesis.
J Biol Chem 283:28842–28851.

Maurel K, Leite GB, Bonhomme M, Guilliot A, Rageau R, Pétel G, Sakr S
(2004) Trophic control of bud break in peach (Prunus persica) trees:
a possible role of hexoses. Tree Physiol 24:579–588.

Maurya JP, Bhalerao RP (2017) Photoperiod- and temperature-
mediated control of growth cessation and dormancy in trees: a
molecular perspective. Ann Bot 120:351–360.

Mayrhofer S, Heizmann U, Magel E, Eiblmeier M, Müller A, Rennenberg
H, Hampp R, Schnitzler JP, Kreuzwieser J (2004) Carbon balance in
leaves of young poplar trees. Plant Biol 6:730–739.

Mellerowicz EJ, Baucher M, Sundberg B, Boerjan W (2001) Unrav-
elling cell wall formation in the woody dicot stem. Plant Mol Biol
47:239–274.

Meng D, He M, Bai Y, Xu H, Dandekar AM, Fei Z, Cheng L (2018)
Decreased sorbitol synthesis leads to abnormal stamen develop-
ment and reduced pollen tube growth via an MYB transcription
factor, MdMYB39L, in apple (Malus domestica). New Phytol 217:
641–656.

Merchant A (2012) Developing phloem δ13C and sugar composition
as indicators of water deficit in Lupinus angustifolius. HortScience
47:691–696.

Merchant A, Richter AA (2011) Polyols as biomarkers and bioindicators
for 21st century plant breeding. Funct Plant Biol 38:934–940.

Merchant A, Buckley TN, Pfautsch S, Turnbull TL, Samsa GA, Adams MA
(2012) Site-specific responses to short-term environmental variation
are reflected in leaf and phloem-sap carbon isotopic abundance of
field grown Eucalyptus globulus. Physiol Plant 146:448–459.

Merchant A, Richter A, Popp M, Adams M (2006) Targeted metabo-
lite profiling provides a functional link among eucalypt taxonomy,
physiology and evolution. Phytochemistry 67:402–408.

Merchant A, Ladiges PY, Adams MA (2007) Quercitol links the phys-
iology, taxonomy and evolution of 279 eucalypt species. Glob Ecol
Biogeogr 16:810–819.

Merchant A, Peuke AD, Keitel C, MacFarlane C, Warren CR, Adams MA
(2010) Phloem sap and leaf δ13C, carbohydrates, and amino acid
concentrations in Eucalyptus globulus change systematically according
to flooding and water deficit treatment. J Exp Bot 61:1785–1793.

Milne RJ, Perroux JM, Rae AL, Reinders A, Ward JM, Offler CE,
Patrick JW, Grof CPL (2017) Sucrose transporter localization and
function in phloem unloading in developing stems. Plant Physiol
173:1330–1341.

Misra G, Mitra C (1968) Mimusops hexandra-III. Constitutents of root,
leaves and mesocarp. Phytochemistry 7:2173–2176.

Moing A, Carbonne F, Zipperlin B, Svanella L, Gaudillère JP (1997)
Phloem loading in peach: Symplastic or apoplastic? Physiol Plant
101:489–496.

Moing A (2000) Sugar alcohols as carbohydrate reserves in some
higher plants. Dev Crop Sci 26:337–358.

Morandi B, Corelli Grappadelli L, Rieger M, Lo Bianco R (2008)
Carbohydrate availability affects growth and metabolism in peach fruit.
Physiol Plant 133:229–241.

Morey SR, Hirose T, Hashida Y, Miyao A, Hirochika H, Ohsugi R,
Yamagishi J, Aoki N (2018) Genetic evidence for the role of a rice
vacuolar invertase as a molecular sink strength determinant. Rice
11:6.

Morris H, Plavcová L, Gorai M, Klepsch MM, Kotowska M, Jochen Schenk
H, Jansen S (2018) Vessel-associated cells in angiosperm xylem:
highly specialized living cells at the symplast–apoplast boundary. Am
J Bot 105:151–160.

Nadwodnik J, Lohaus G (2008) Subcellular concentrations of sugar
alcohols and sugars in relation to phloem translocation in Plantago
major, Plantago maritima, Prunus persica, and Apium graveolens. Planta
227:1079–1089.

Nakamura S, Watanabe A, Chongpraditnun P, Suzui N, Hayashi H, Hattori
H, Chino M (2004) Analysis of phloem exudate collected from fruit-
bearing stems of coconut palm: palm trees as a source of molecules
circulating in sieve tubes. Soil Sci Plant Nutr 50:739–745.

Näsholm T, Högberg P, Franklin O, Metcalfe D, Keel SG, Campbell C,
Hurry V, Linder S, Högberg MN (2013) Are ectomycorrhizal fungi
alleviating or aggravating nitrogen limitation of tree growth in boreal
forests? New Phytol 198:214–221.

Nebauer SG, Renau-Morata B, Guardiola JL, Molina RV, Pereira
J (2011) Photosynthesis down-regulation precedes carbohydrate
accumulation under sink limitation in citrus. Tree Physiol 31:169–177.

Negm FB (1986) Purification and properties of an NADPH-aldose
reductase (aldehyde reductase) from Euonymus japonica leaves. Plant
Physiol 80:972–977.

Tree Physiology Online at http://www.treephys.oxfordjournals.org

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/article/42/3/458/6372535 by guest on 19 January 2023



484 Dominguez and Niittylä

Negm FB, Loescher WH (1979) Detection and characterization of sor-
bitol dehydrogenase from apple callus tissue. Plant Physiol 64:69–73.

Negm FB, Loescher WH (1981) Characterization and partial purification
of aldose-6-phosphate reductase (alditol-6-phosphate:NADP
1-oxidoreductase) from apple leaves. Plant Physiol 67:
139–142.

Noiraud N, Maurousset L, Lemoine R (2001) Transport of polyols in
higher plants. Plant Physiol Biochem 39:717–728.

Noronha H, Silva A, Dai Z, Gallusci P, Rombolà AD, Delrot S, Gerós
H (2018) A molecular perspective on starch metabolism in woody
tissues. Planta 248:559–568.

Nosarszewski M, Clements AM, Downie AB, Archbold DD (2004)
Sorbitol dehydrogenase expression and activity during apple fruit set
and early development. Physiol Plant 121:391–398.

Nosarzewski M, Downie AB, Wu B, Archbold DD (2012) The role
of sorbitol dehydrogenase in Arabidopsis thaliana. Funct Plant Biol
39:462–470.

Notaguchi M, Okamoto S (2015) Dynamics of long-distance signaling
via plant vascular tissues. Front Plant Sci 6:1–10.

Nourbakhsh A, Collakova E, Gillaspy GE (2015) Characterization of the
inositol monophosphatase gene family in Arabidopsis. Front Plant Sci
5:1–14.

Ögren E (1999) Fall frost resistance in willows used for biomass
production. I. Characterization of seasonal and genetic variation. Tree
Physiol 19:749–754.

Öner-Sieben S, Lohaus G (2014) Apoplastic and symplastic phloem
loading in Quercus robur and Fraxinus excelsior. J Exp Bot
65:1905–1916.

Pan Y, Birdsey RA, Fang J et al. (2011) A large and persistent carbon
sink in the world’s forests. Science 333:988–993.

Park JY, Canam T, Kang KY, Ellis DD, Mansfield SD (2008) Over-
expression of an arabidopsis family A sucrose phosphate synthase
(SPS) gene alters plant growth and fibre development. Transgenic
Res 17:181–192.

Park JY, Canam T, Kang KY, Unda F, Mansfield SD (2009) Sucrose
phosphate synthase expression influences poplar phenology. Tree
Physiol 29:937–946.

Partida VGS, Dias HM, Corcino DSM, Van Sluys MA (2021) Sucrose-
phosphate phosphatase from sugarcane reveals an ancestral tandem
duplication. BMC Plant Biol 21:1–13.

Pate J, Shedley E, Arthur D, Adams M (1998) Spatial and temporal
variations in phloem sap composition of plantation-grown Eucalyptus
globulus. Oecologia 117:312–322.

Payyavula RS, Tay KHC, Tsai CJ, Harding SA (2011) The sucrose
transporter family in populus: the importance of a tonoplast PtaSUT4
to biomass and carbon partitioning. Plant J 65:757–770.

Peterbauer T, Lahuta LB, Blöchl A, Mucha J, Jones DA, Hedley
CL, Gòrecki RJ, Richter A (2001) Analysis of the raffinose family
oligosaccharide pathway in pea seeds with contrasting carbohydrate
composition. Plant Physiol 127:1764–1772.

Peterbauer T, Mucha J, Mach L, Richter A (2002) Chain elongation
of raffinose in pea seeds. Isolation, characterization, and molecular
cloning of a multifunctional enzyme catalyzing the synthesis of
stachyose and verbascose. J Biol Chem 277:194–200.

Peters S, Mundree SG, Thomson JA, Farrant JM, Keller F (2007)
Protection mechanisms in the resurrection plant Xerophyta viscosa
(Baker): both sucrose and raffinose family oligosaccharides (RFOs)
accumulate in leaves in response to water deficit. J Exp Bot
58:1947–1956.

Peters S, Egert A, Stieger B, Keller F (2010) Functional identification
of Arabidopsis ATSIP2 (At3g57520) as an alkaline α-galactosidase
with a substrate specificity for raffinose and an apparent sink-specific
expression pattern. Plant Cell Physiol 51:1815–1819.

Pfautsch S, Hölttä T, Mencuccini M (2015a) Hydraulic functioning of
tree stems—fusing ray anatomy, radial transfer and capacitance. Tree
Physiol 35:706–722.

Pfautsch S, Renard J, Tjoelker MG, Salih A (2015b) Phloem as
capacitor: radial transfer of water into xylem of tree stems occurs via
symplastic transport in ray parenchyma. Plant Physiol 167:963–971.

Pharr DM, Sox HN (1984) Changes in carbohydrate and enzyme levels
during the sink to source transition of leaves of Cucumis sativus L., a
stachyose translocator. Plant Sci Lett 35:187–193.

Philippe R, Courtois B, McNally KL et al. (2010) Structure, allelic
diversity and selection of Asr genes, candidate for drought tolerance,
in Oryza sativa L. and wild relatives. Theor Appl Genet 121:769–787.

Phillips RP, Brzostek E, Midgley MG (2013) The mycorrhizal-
associated nutrient economy: a new framework for predicting carbon-
nutrient couplings in temperate forests. New Phytol 199:41–51.

Pickles BJ, Wilhelm R, Asay AK, Hahn AS, Simard SW, Mohn WW
(2017) Transfer of 13C between paired Douglas-fir seedlings reveals
plant kinship effects and uptake of exudates by ectomycorrhizas. New
Phytol 214:400–411.

Plavcová L, Jansen S (2015) The role of xylem parenchyma in the
storage and utilization of nonstructural carbohydrates. In: Hacke U
(ed) Functional and ecological xylem anatomy. Springer, Cham, pp
209–234.

Pommerrenig B, Papini-Terzi FS, Sauer N (2007) Differential regulation
of sorbitol and sucrose loading into the phloem of Plantago major in
response to salt stress. Plant Physiol 144:1029–1038.

Pullman GS, Buchanan M (2008) Identification and quantitative analysis
of stage-specific carbohydrates in loblolly pine (Pinus taeda) zygotic
embryo and female gametophyte tissues. Tree Physiol 28:985–996.
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