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Key message  Pathways for assimilates.
Abstract  During their life cycle, plants alternate between a haploid stage, the gametophyte, and a diploid stage, the sporo-
phyte. In higher plants, meiosis generates the gametophyte deeply embedded in the maternal tissue of the flower. The mega-
spore mother cell undergoes meiosis, and then, the surviving megaspore of the four megaspores produced undergoes mitotic 
divisions and finally gives rise to the female gametophyte, consisting of the egg cell, two synergids, the central cell, which 
due to the fusion of two nuclei is diploid (double haploid) in Arabidopsis and most angiosperms and the antipods, whose 
number is not fixed and varies significantly between species (Yadegari and Drews in Plant Cell 16(Suppl):S133–S141, 2004). 
The maternal tissues that harbor the female gametophyte and the female gametophyte are referred to as the ovule (Fig. 1). 
Double fertilization of the egg cell and the central cell by the two generative nuclei of the pollen leads to the diploid embryo 
and the endosperm, respectively (Hamamura et al. in Curr Opin Plant Biol 15:70–77, 2012). Upon fertilization, the ovule is 
referred to as the seed. Seeds combine two purposes: to harbor storage compounds for use by the embryo upon germination 
and to protect the embryo until the correct conditions for germination are encountered. As a consequence, seeds are the plant 
tissue that is of highest nutritional value and the human diet, by a considerable amount, consists of seeds or seed-derived 
products. Amino acids are of special interest, because plants serve as the main source for the so-called essential amino acids, 
that animals cannot synthesize de novo and are therefore often a limiting factor for human growth and development (WHO 
in Protein and amino acid requirements in human nutrition. WHO technical report series, WHO, Geneva, 2007). The plant 
embryo needs amino acids for general protein synthesis, and additionally they are used to synthesize storage proteins in the 
seeds of certain plants, e.g., legumes as a resource to support the growth of the seedling after germination. The support of 
the embryo depends on transport processes that occur between the mother plant and the seed tissues including the embryo. 
In this review, we will focus on the processes of unloading amino acids from the phloem and their post-phloem transport. 
We will further highlight similarities between amino acid transport and the transport of the main assimilate and osmolyte, 
sucrose. Finally, we will discuss similarities and differences between different plant species in terms of structural aspects 
but for the molecular aspects we are almost exclusively focusing on Arabidopsis. 
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Symplastic and apoplastic transport

Nutrients and assimilates are transported in plants over short 
distances from cell to cell and over long distances in the 
vasculature. Inorganic (nitrogenous) ions are predominantly 
transported in the xylem from the roots to shoots. Sugars, 
generally sucrose, resulting from photosynthesis are trans-
ported in the phloem from source to sink by an osmotically 
generated pressure gradient (Knoblauch et al. 2016). Amino 
acids are unique because they are found in high levels in the 
phloem but also in lower amounts in the xylem. The reasons 
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for this phenomenon are complex and have been reviewed 
recently elsewhere (Tegeder and Hammes 2017). In the seed 
the final step of long distance transport, i.e., the unloading 
from the vasculature takes place. Once this unloading has 
happened, transport processes in the seed occur from cell to 
cell by two different pathways, the symplastic pathway and 
the apoplastic pathway.

Symplastic transport

Symplastic transport occurs by diffusion between cells 
through plasmodesmata (PD), channels that give rise 
to a symplastic continuum between cells. It is generally 
believed that ions and small metabolites with low molec-
ular weight (~ 800 Da) can diffuse freely between cells 
(Lalonde et al. 2004). The maximum molecular weight 

of compounds that are able to diffuse through plasmodes-
mata defines the size exclusion limit (SEL). Cells that 
are connected by PD with a similar size exclusion limit 
and isolated from others are called symplastic domains 
(Lucas et  al. 1994). Symplastic isolation, i.e., lack of 
plasmodesmal conductance, occurs if neighboring cells 
have not shared a phragmoplast (e.g., in integuments, see 
below) or two separate genetically distinct tissues as it is 
the case in seeds (Stadler et al. 2005). Symplastic isola-
tion can also be achieved by blocking existing plasmodes-
mata, or it can be overcome by the formation of secondary 
plasmodesmata. As we will discuss below in more detail, 
there are several tissues and cell layers within the seed 
that are symplastically isolated from each other: the outer 
and inner integuments are known to be symplastically iso-
lated from each other and so are the inner integument and 

Fig. 1   Vascularization of the Arabidopsis ovule and seed. Plants 
expressing ER-localized mCherry under control of the companion 
cell-specific SUC2 promoter and ER-localized GFP under control 
of the sieve element marker PD1 as described (Müller et  al. 2015) 
are shown to visualize the phloem in the funiculus and the chalazal 
regions. a Overview over an ovule. FG: female gametophyte. b A 

magnification of the region marked by a square in panel a. c Over-
view over a seed. ES: endosperm; E: embryo. d A magnification of 
the region marked by a square in panel c. The arrows in b and d point 
to the terminal companion cell and arrowheads to terminal sieve ele-
ments
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the endosperm, as well as the endosperm and the embryo 
(Stadler et al. 2005). This means that at least three apo-
plastic steps must be overcome by transport processes in 
the developing Arabidopsis seed to supply the next plant 
generation with assimilates and nutrients. The SEL can 
be modulated in response to various triggers and either be 
decreased or increased. Additionally, PD can be formed 
de novo between cells or completely closed (Tilsner et al. 
2016). In recent years, we have made significant progress 
in the understanding of the modulation of the SEL by cal-
lose deposition and breakdown leading to PD closure and 
opening, respectively. In addition, many PD-specific pro-
teins have been identified but still the molecular machinery 
required for PD function, gating and regulation remains 
largely elusive (Tilsner et al. 2016). It is intuitive that 
complete closure of plasmodesmata, so-called symplastic 
isolation, makes apoplastic transport indispensable.

Apoplastic transport

The apoplastic path is facilitated by plasma membrane-
localized transporters. In order to move from cell to cell by 
the apoplastic pathway, assimilates need to be exported from 
one cell and subsequently been taken up by the neighboring 
cells. While importers for sucrose (Riesmeier et al. 1992), 
hexoses (Sauer and Stadler 1993) and amino acids (Frommer 
et al. 1993) have been known for decades the corresponding 
exporters, the SWEETs [Sugars will eventually be exported 
transporter (Chen et al. 2010, 2012)] and UmamiTs (Usually 
multiple acids move in and out transporter), respectively, 
were discovered only recently. UmamiTs were named in 
TAIR10 according to the logic that sugar exporters were 
named according to the taste associated with sugars, and 
umami is the taste associated with the amino acid glutamate. 
Consequently, the first UmamiTs to be described were named 
differently: WALLS ARE THIN1 (WAT1/UmamiT05) and 
SILIQUES ARE RED1 (SIAR1/UmamiT18) (Ladwig et al. 
2012; Ranocha et al. 2010). It should be noted that UmamiTs 
do not share any similarity with the umami taste receptors.

Most importers in plants use a proton gradient to drive 
uptake of their substrate against a concentration gradient. 
In contrast, exporters seem to operate by a facilitated dif-
fusion mechanism and catalyze transport in both directions 
along the electrochemical potential of the substrate (Baud 
et al. 2002; Müller et al. 2015). Because the co-transport 
of a proton “costs” one ATP (required for proton export 
by the plasma membrane ATPase), apoplastic transport 
requires more energy than symplastic transport. As we will 
highlight below, in many tissues cells are connected by PD 
but also express importers and exporters. It is at present 
not understood if both transport pathways operate at the 
same time or if different solutes (or macromolecules) take 

different routes. It is becoming more and more evident 
that coordination of symplastic and apoplastic transport 
is important to ensure proper growth and development but 
at the moment the molecular mechanisms are completely 
unknown (Han et al. 2014; Tegeder and Hammes 2017; 
Tegeder and Masclaux-Daubresse 2018). The main focus 
of this review is the support of the seed with amino acids. 
In the following paragraphs, we will briefly summarize 
the current knowledge about amino acid transporters in 
Arabidopsis.

The Arabidopsis genome encodes for more than 100 
amino acid transporters from different families. As men-
tioned above, these transporters can be classified as 
importers or exporters. All of these transporters are inte-
gral to the membranes and possess several transmembrane 
spanning -helices [http://arame​mnon.botan​ik.uni-koeln​.de 
(Schwacke et al. 2003)]. Within the importers, there are 
two major families, the ATF family (amino acid trans-
porter family), also referred to as AAAP (amino acid/
auxin permease) family consisting of 46 members and 
the APC (amino acid–polyamine–choline) family consist-
ing of 14 members (Rentsch et al. 2007). All members of 
these families studied so far are secondary active import 
systems that use a proton gradient to drive the uptake of 
their substrates. Generally, all importers studied transport 
several amino acids with fairly little specificity, albeit with 
different affinities. The most notable exceptions from this 
are the auxin importer (AUX1) and its paralogs LAX1-3 
(like AUX1) that do not seem to transport amino acids 
in addition to auxin (Bennett et al. 1996) and the pro-
line transporters (ProTs) that transport proline and only 
few additional substrates like glycine betaine and related 
quaternary ammonium compounds, as well as the non-
proteinogenic amino acid -aminobutyric acid (GABA) 
(Grallath et al. 2005). Most of the family members studied 
localize to the plasma membrane but some also localize 
to the tonoplast or endomembranes (Rentsch et al. 2007).

The UmamiT family consists of 44 members in Arabi-
dopsis. Their biochemical properties determined in heter-
ologous expression systems suggest that UmamiTs act as 
bidirectional facilitators catalyzing transport along the elec-
trochemical gradient with fairly low affinity (Ladwig et al. 
2012; Müller et al. 2015). If the amino acid concentration 
on the outside of a cell is lower than on the inside, UmamiTs 
can export their substrate. Correlative evidence based on 
metabolite analyses of mutants or media of UmamiT-
expressing cells suggests that also UmamiTs display a fairly 
broad substrate specificity (Besnard et al. 2016; Ladwig 
et al. 2012; Müller et al. 2015). The UmamiTs published 
localize to plasma membrane or tonoplast (Ladwig et al. 
2012; Müller et al. 2015; Ranocha et al. 2013) but evidence 
from proteome studies and unpublished data from several 
laboratories including ours suggest that UmamiTs localize 

http://aramemnon.botanik.uni-koeln.de


256	 Plant Reproduction (2018) 31:253–261

1 3

to all endomembranes and also organellar membranes (Ferro 
et al. 2002; Kleffmann et al. 2004).

Clearly the large number of amino acid transporters sug-
gests an important role for amino acid transport across mem-
branes in plants. Despite their importance, the vast major-
ity of transporters remain uncharacterized and their role in 
planta unknown.

Transport pathways in the seed

Phloem unloading

Phloem unloading per se, i.e., the export of assimilates 
from the terminal sieve element into the neighbor-
ing cells, is generally a symplastic process and occurs 
through plasmodesmata in roots (Ross-Elliott et al. 2017), 
sink leaves (Roberts et al. 1997) and seeds (Offler et al. 
1989; Offler and Patrick 1984; Stadler et al. 2005; Wer-
ner et al. 2011). A look at the vascular anatomy in the 
ovule and seed makes it obvious that from the mother 
plant, the vasculature stretches from the septum through 
the funiculus into the chalazal pole of the ovule and seed 
(Müller et al. 2015). In young ovules of closed flowers, 
the sieve elements reach deeper into the chalazal region 
than the companion cells. Here the phloem extends into 
an unloading area that enhances the surface of the release 
phloem (Fig. 1a, b). Prior to fertilization, the phloem in 
ovules is symplastically isolated within the chalazal pole 
(Fig. 1a). This was shown by using plants in which GFP 
is expressed under control of the companion cell (CC)-
specific SUC2 promoter and studies using the phloem 
mobile dye 8-hydroxypyrene-1,3,6-trisulfonate (HPTS). 
In both cases, the fluorescence remained contained in the 
terminal phloem sieve element (Werner et al. 2011). It is 
currently not known which signals mediate the information 
that fertilization occurred at the apical pole to the chala-
zal pole to trigger PD formation and phloem unloading. 
It is also elusive how the energy demand of the ovule is 
supported. In the very early stages of ovule development, 
the gynoecium—with the exception of the megaspore—is 
a single symplastic domain and GFP can diffuse freely, 
suggesting that also assimilates can be transported by this 
path (Werner et al. 2011). Later, when the female gameto-
phyte is developed, the symplastic continuity, as indicated 
by GFP movement, is reduced (Werner et al. 2011). It is 
at the moment unclear how assimilate supply of the ovule 
is facilitated and how phloem unloading is achieved. In 
any case, the female gametophyte is symplastically iso-
lated and expresses at least the sucrose transporter SUC1 
(Feuerstein et al. 2010) and the APC family amino acid 
transporter CAT6 (Hammes et al. 2006) to ensure assimi-
late supply.

After fertilization, the situation changes dramati-
cally and phloem unloading becomes prominent. Even 
after fertilization, the companion cell file is only poorly 
branched, whereas sieve elements show a visible increase 
in branching to two major cell files with some cells form-
ing branch points of second order (Müller et al. 2015). 
Thus, the surface area for nutrient exchange is likely to be 
increased. The morphology of the phloem does not change 
significantly throughout seed development, and the size of 
the terminal phloem elements remains quite small com-
pared to the overall size of the seed. This immediately 
suggests that the increasing demand for nutrients by the 
embryo is not met by a proliferation event but by differ-
entiation processes in the chalazal cells and an increasing 
transporter activity around the unloading sieve elements. 
Using fluorescent tracers, symplastic continuity between 
terminal sieve elements and their neighboring cells could 
be shown. This observation was accompanied by an enor-
mous increase in the frequency of secondary PD, formed 
de novo between the terminal SEs and its neighbors as 
well as between the neighbors. This phenomenon leads to 
the formation of the so-called unloading domain (ULD) in 
the chalazal region (Werner et al. 2011). By its connection 
to the unloading domain, symplastic transport processes 
become to a varying degree supported by apoplastic trans-
port steps and that apoplastic transport eventually plays 
the predominant role. The principle of transfer processes 
at the endpoint of the vasculature in seeds seems to be 
an evolutionary conserved mechanism, as the process 
described in Arabidopsis is also found in distantly related 
phylogenetic groups like legumes (Offler and Patrick 1984, 
1989; Zhang et al. 2007), rosids (Zhang et al. 2004) and 
monocots (Sosso et al. 2015; Weschke et al. 2000). In bar-
ley, an apoplastic barrier exists between the genetically 
distinct maternal tissue, endosperm and embryo. Similar to 
Arabidopsis, nutrients are symplastically unloaded into the 
nucellar projection cells, which are symplastically isolated 
from the endosperm (Borg et al. 2009), implicating that 
export of assimilates into the apoplast is a crucial mecha-
nism for seed filling.

Experiments showed that GFP, expressed under con-
trol of the SUC2 promoter, is unloaded from the phloem 
through plasmodesmata into the unloading zone and dif-
fuses symplastically from there into the outer integument 
after fertilization (Stadler et al. 2005). It was suggested 
that this is also the route for nutrients and assimilates 
including amino acids. However, despite the symplastic 
continuum in the ULD in seeds amino acid transporters 
are present. Amino acid release from the phloem occurs 
at the end of the funiculus vasculature and is mediated by 
UmamiT efflux systems UmamiT11 and UmamiT14 which 
localize to the plasma membrane of the ULD (Müller et al. 
2015). In addition, also UmamiT18/SIAR1 is expressed in 
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the ULD suggesting a similar role (Ladwig et al. 2012). 
The physiological relevance of apoplastic transport could 
be shown by analyses of umamit mutants. Elevated levels 
of free amino acids were found in the siliques of mutants 
compared to WT or the corresponding complementation 
lines (Müller et al. 2015). Similar results were obtained in 
the analysis of aap1 mutants (Sanders et al. 2009). It was 
found that in aap1 mutants, increased levels of free amino 
acids accumulate in the embryo and seed coat. This resem-
bles the situation in the umamit mutants and suggests that 
exporters and importers act together to supply the embryo 
with amino acids. The levels of amino acids that accumu-
lated demonstrated that UmamiT11 and UmamiT14 export 
amino acids which are abundant in the vasculature (Müller 

et al. 2015). Although there were elevated levels of free 
amino acids in the seeds of mutants, the plants showed full 
seed set without any obvious difference to the WT. Never-
theless, the importance of the UmamiTs for seed develop-
ment is highlighted by the observation that mutants pro-
duced significantly smaller seeds than wild-type plants 
(Müller et  al. 2015). To understand the complexity of 
how amino acid transporters act in concert higher-order 
mutants between different UmamiTs, UmamiTs and amino 
acid importers, and between importers are needed to char-
acterize the flux of amino acids from the unloading zone 
into the embryo in more detail. It is interesting to note 
that despite the observation that several UmamiTs are 
present in the ULD, SWEET transporters were not found 
to be expressed in this domain. Whether sucrose (sugar) 
transport occurs entirely symplastically and possibly by 

Fig. 2   Symplastic domains within the Arabidopsis seed. a Overview 
over a seed at early globular stage. The outer integument is out-
lined in blue, the inner integument in orange, the unloading domain 
in green and the embryo and suspensor in black. Note that the 
endosperm has started to cellularize. Symplastic pathways are repre-
sented by dashed arrows, and apoplastic steps are represented by solid 
arrows. b Magnification of a seed at a later stage showing outer integ-
ument consisting of two layers (Oi 1 and 2), inner integument consist-
ing of three layers [Ii1 and 2 and endothelium [End], endosperm (ES) 
and embryo (Emb). Passage across dashed lines in possible by sym-

plastic movement, apoplastic transport is required across solid lines. 
The number of apoplastic steps in endosperm passage is not well 
understood and changes during endosperm breakdown. The single 
solid line shown here does not reflect this complexity properly and 
must be interpreted with caution. c Magnification of the unloading 
domain (ULD) at the end of the vasculature. Immunolocalization of 
UmamiT14 in the ULD and the phloem using a sieve element-specific 
antiserum as published (Müller et al. 2015). The terminal sieve ele-
ment (TSE) is unloading symplastically into the ULD as indicated by 
the dashed line
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pressure flow is not known. It is also unclear why amino 
acids require an additional route or take an entirely dif-
ferent transport path. Clearly this is one of the instances 
where knowledge about plasmodesmal conductivity and 
the (co)regulation of symplastic and apoplastic transport 
pathways would provide a major leap forward in the under-
standing of seed development.

The integuments

In the Arabidopsis seed, five different integument layers are 
found (Fig. 2). The outer integument is composed of two cell 
layers and the inner integument initially of two, later of three 
layers (Schneitz et al. 1995). The subepidermal integument 
cell layer of the inner integument later can undergo pericli-
nal cell divisions to yield a sixth integument layer (Coen 
et al. 2017). In the morphologically highly variable seed coat 
of legumes, the symplastic route between the vascular tissue 
and the integuments is more emphasized than in Arabidopsis 
(Offler and Patrick 1984; Offler et al. 1989). In Arabidopsis, 
the inner integument arises from cells which start to initiate 
by planar symmetrical growth until they surround the nucel-
lus containing the ovule primordium. The outer integument 
grows in a planar but asymmetrical pattern from the base of 
the carpel (Schneitz et al. 1995). Due to these growth pat-
terns, inner and outer integument do not share a cell wall that 
results from a common phragmoplast and no plasmodesmata 
form between them (Fig. 2a, b). There is also no evidence 
that secondary PD is formed between the integuments which 
therefore remain symplastically isolated. While small mol-
ecules like assimilates might pass through plasmodesmata, 
expression of GFP, which is able to move from cell to cell 
via plasmodesmata from tissue-specific promoters was used 
as a proxy to map symplastic domains in the Arabidopsis 
seed (Stadler et al. 2005). These data supported the idea that 
integuments are symplastically isolated. In this study, it was 
shown that GFP that was unloaded from the phloem moved 
into the unloading domain and from there into the outer 
integument. It was suggested that the outer integument can 
be viewed as an extension of the phloem after plasmodes-
mata are formed and the symplastic pathway opens (Werner 
et al. 2011). However, whether osmotic potential and also 
turgor in the outer integument change during this time and 
are similar to the situation in the phloem remains to be inves-
tigated. Symplastic passage of GFP from the outer integu-
ment into any other tissue was not observed, indicating that 
release from the outer integument strictly requires apoplastic 
transport (Stadler et al. 2005). Despite the possibility of a 
symplastic pathway, both amino acid and sugar transport-
ers are found not only between the integuments but also 
within the integuments often also in a distinct layer (Chen 
et al. 2015; Müller et al. 2015). This clearly suggests that 

apoplastic transport also plays a role in assimilate transport 
not only between but also within the integuments (Fig. 2b).

UmamiT28 and UmamiT29 were identified as two can-
didates acting as amino acid exporters in different lay-
ers of the seed coat (Fig. 2a). UmamiT29 functions as an 
amino acid exporter from the outer integument toward the 
inner integument and from there into the endothelium, 
while UmamiT28 does so in the endothelium toward the 
endosperm after cellularization of the endosperm. A polar 
distribution of UmamiT29 was found in cells of the sec-
ond layer of the inner integument. The protein was located 
at the anticlinal membranes and at membranes facing the 
endosperm. This localization suggests that nutrients can be 
distributed homogenously in lateral dimension, which fits 
into the physiological context of an equal distribution of 
amino acids along the inner integument and their uniform 
translocation in the direction of the embryo (Müller et al. 
2015). Mutant analyses revealed that the spectrum of amino 
acids, which accumulates in umamit28 and umamit29, is 
different from the spectrum that is affected by umamit11 
and umamit14. This means that members within one phylo-
genetic clade showed a similar effect compared to members 
of the other clade, indicating different substrate specificity 
for the two clades in planta. In umamit11 and umamit14, 
amino acids that are found in high concentrations in the 
phloem accumulated while in umamit28 and umamit29 
amino acids that are found in lower concentrations in the 
phloem accumulated. It is thus tempting to speculate that 
the integuments can metabolize amino acids in order to 
meet the demand of the embryo. While sugar transporters 
are absent from the ULD, several candidates of the SWEET 
transporter gene family (SWEET11, 12, 15) are expressed 
in the seed coat and efflux sucrose into the apoplast (Chen 
et al. 2015), indicating that also for sugars transport steps 
similar to those described for the UmamiTs occur from the 
outer to the inner integument and finally into the endosperm. 
Mutation of these genes impaired seed development, but 
viable seeds were still produced, indicating that additional 
pathways or transporters exist.

While there is good support for the importance of amino 
acid and sugar exporters in the transport between the integu-
ment layers and the release from the integuments to support 
the endosperm, surprisingly, the role of the importers in the 
integuments has not been investigated in much detail. There 
are several published amino acid importers expressed in 
seeds but with the exception of CAT6, which is expressed in 
the integuments and the endosperm (see below) and AAP1, 
expressed in the embryo, their tissue specificity remains elu-
sive. This is also true for sucrose transporters. In this case, 
expression in the seeds was investigated at cellular level so it 
seems to be the case that sucrose importers are absent from 
the integuments.



259Plant Reproduction (2018) 31:253–261	

1 3

Endosperm and embryo

Double fertilization leads to the formation of embryo and 
endosperm within the maternal seed coat. The endosperm 
supports embryo growth, and embryo development and 
endosperm development are closely linked. The endosperm 
initially develops as a coenocyte, leading to the formation of 
a large cell containing the central vacuole. The endosperm 
cellularizes during its development, which causes the large 
central vacuole, which has been suggested to be the major 
storage compartment for hexoses in the gametophyte and 
early seed, to fragment (Morley-Smith et al. 2008). The 
embryo starts growing rapidly and storage product accumu-
lation initiates after endosperm cellularization. There are 
two possible routes for assimilate movement after the pas-
sage through the integuments (Fig. 2). First, assimilates can 
be taken up by the suspensor and then diffuse through the 
embryo. Second, assimilates are exported from the inner-
most layer of the inner integument, the endothelium—which 
is functionally equivalent to the aleurone in grasses—and 
subsequently taken up by the cellular endosperm. Despite 
the huge agronomical importance, the passage of assimilates 
through the endosperm is poorly understood on a molecular 
level and only very few players are known. This is true for 
both amino acids and sugars. Even in Arabidopsis it is not 
clear how sugar transport after the SWEET-mediated release 
of sucrose from the endosperm works. As discussed above, 
it is very well possible that hexoses are the main sugar found 
in endosperm and the predominant carbon source for the 
embryo and consequently the major osmolyte responsible for 
seed growth (Morley-Smith et al. 2008). This is supported 
by the observation that, in grasses, seed filling depends on 
SWEET-mediated hexose transport (Sosso et  al. 2015). 
This requires that sucrose is released from the integuments, 
cleaved by cell wall invertases and then taken up by hexose 
transporters. In Arabidopsis and oilseed rape, hexose accu-
mulation seems to dominate over sucrose import during the 
early stages of seed development (Baud et al. 2002), consist-
ent with high acid invertase activity (Hill et al. 2003).

From the endosperm, assimilates are exported and then, 
finally, taken up by the developing embryo. It seems reason-
able to assume that during early stages of seed and embryo 
development both routes described above are operating 
while at later stages the pathway through the suspensor can-
not support the demand of the developing embryo, which is 
particularly true in cases in which the suspensor degenerates 
(Yeung and Meinke 1993). Transporters are located in all 
tissues along both routes: The amino acid transporters CAT6 
and UmamiT28 are found in the endothelium (Hammes 
et al. 2006; Müller et al. 2015). The amino acid transporters 
CAT6 and UmamiT28 as well as the sucrose transporters 
SWEET11 and SUC5 in the endosperm (Chen et al. 2015; 
Hammes et al. 2006; Müller et al. 2015, Pommerrenig et al. 

2013), the amino acid transporter UmamiT10 and the sugar 
transporters SWEET13 and SUC3 in the suspensor (Chen 
et al. 2015; Müller 2016; Stadler et al. 2005) and finally 
SUC5 and AAP1 are found in the embryo (Pommerrenig 
et al. 2013; Sanders et al. 2009). A role for AAP1 in amino 
acid uptake by the embryo has been demonstrated (Sand-
ers et al. 2009). Nevertheless, mutants still produced viable 
seeds, indicating that other transporters are also involved in 
supporting the embryo with amino acids. The role of mon-
osaccharide transporters in sugar uptake into the embryo 
remains to be investigated. Following import into the 
embryo, assimilates and amino acids move symplastically 
in the symplastic fields of the embryo (Kim et al. 2005a, 
b). Amino acid storage in the embryo is not only the final 
destination but also agronomically and nutritionally the most 
important step. The development of the embryo increasingly 
generates a sink that is the driving force behind the transport 
processes in the seed. In theory, all transport steps could 
occur passively. While some variations apply, it is evident 
that the coordination of symplastic and apoplastic pathways 
is essential to achieve efficient amino acid movement toward 
the terminal sink cells. Generally, seed-localized amino acid 
transporters seem to control the amount of N imported into 
the embryo, and in the case of protein storing legumes, 
alteration of seed loading additionally affects storage protein 
accumulation (Rolletschek et al. 2005; Sanders et al. 2009; 
Tan et al. 2010; Zhang et al. 2015).

Concluding remarks

In order to ensure proper seed development, the growing 
embryo requires assimilates. Sugars are the main source of 
carbon and also represent the major osmolyte driving bulk 
flow and probably also turgor required for growth. Amino 
acids are the main source of organic nitrogen and required 
for metabolism and—to a variable degree—storage. The 
transport of sugars and amino acids from the mother plant 
to the next generation requires the coordination of symplas-
tic and apoplastic transport steps within symplastic domains 
and at certain distinct barriers the precise coordination of 
export and import of assimilates. The transport pathways 
for both assimilates are similar but obvious differences, 
particularly in transfer through the unloading domain are 
evident and deserve more attention. While a lot of research 
has been done on possible pathways at a cellular and tis-
sue level, molecular information is still scarce. Work on the 
role of importers has largely been carried out on an organ 
level. Only recently, the research has been shifted to the tis-
sue level. This is partly due to advances in microscopy and 
available molecular tools that coincided with the investiga-
tion of sugar and amino acid exporters. Future research on 
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the coordination of import and export processes in conjunc-
tion with detailed investigation of hitherto uncharacterized 
transporters, and finally, the coordination of symplastic and 
apoplastic steps will lead to a leap forward in our under-
standing of seed filling.
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