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Abstract
Micropropagation of Malus domestica (Apple) is widely applied in research. The uptake and
transportation of sugar via callus from medium have significant influence on the growth and
development of apple in micropropagation. The translocation path of sugar and other
nutrients in apple in vitro are not clear yet. Different transporter genes of sugar have been
found in the past years, involving members of the SWEET and SUC families, but the expression
and function of their homologs in apple remained to be studied in detail. In this report, we
focused on plantlet growth during micropropagation and used apple as experimental material
to study sugar translocation and relative expression of transporter genes under in vitro
conditions. At the tissue level, the calli developing at the base of apple plantlets in vitro were
anatomically checked for potential differentiated structures like phloem and xylem. At the
molecular level, the expression of selected sugar transporter genes was screened by RT-PCR.
Based on publications on other plant species, we tried to find out the homologous gene family
which might have effects in the sugar transport in apple. Besides, several kinds of sugar
metabolites were measured in two positions (callus and shoot) of plantlets in a time course in
micropropagation. The influence of light intensity on the growth was also explored.
Our results give a primary impression of the sugar transportation in apple in vitro. Sucrose
transporters were found to express in callus and should facilitate exogenous sucrose
translocation. The expression of genes related to unloading of sugar reflected that there are
possible shifts in the source and sink role for shoot and callus in vitro. The sugar content
measurements were valuable for studying the metabolism of sugar in vitro. Especially sorbitol,
as it is primarily synthesized in apple instead of being obtained from the medium, played an
important role in sugar transportation. The level of sorbitol increased with the shoot growth,
while sucrose decreased after a peak in the first week; in callus sucrose kept stable. The
histological analysis proved that there are lignin-containing xylem-like structures in mature
callus, which could provide a highly efficient translocation pathway to meet the carbohydrate
demand in growth stage.
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Introduction
Nowadays, micropropagation of plants has been widely applied in many species since the first
publication on plant tissue culture by Gottlieb Haberlandt in 1902. With technology
developing, micropropagation of plants offers great conveniences for the low growth
efficiency of plants of economically important species that require a high level of reproduction
of plants with uniform traits. Compared with conventional propagation, micropropagation has
much higher multiplication rates (Zimmerman, 1991). The time for micropropagation is not
limited by the natural environmental conditions and the production of cloned materials could
be done whole year round. As one of the most important advantages of micropropagation,
tissue culture technology has not only performed well on

high productivity, but it also offers

a tool to breeders to shorten the breeding cycle and to save huge amounts of time. Tissue
culture makes virus-free propagation become possible (Smith, 2013). Besides, tissue culture
can offer a way to propagate plants which have difficulty on sexual reproduction. Due to these
advantages, exploring further potential improvements for plant micropropagation is highly
desirable and justified. Besides adjusting the environmental conditions and optimizing
medium protocols, fundamental research on plant growth mechanisms in vitro will also help
us to improve the micropropagation. In this report, we will focus on growth during
micropropagation and use apple as experimental material to study sugar translocation and
the relative expression of sucrose translocator genes in apple in vitro.

Apple micropropagation
Malus domestica (Apple) is one important economic crop cultivated all over the world, which
has been regarded as one of the model plants in the horticultural plant studies (Shulaev et al.,
2008). Micropropagation of cultivated apple was first developed in 1960s and 1970s (Jones,
1967; Elliott, 1972; Walkey, 1972). Many parts of the apple plantlet, such as meristems, buds
or even somatic cells, are capable of regeneration under suitable condition in vitro. Those cells
and tissues need to remain the ability to develop into whole plants and this ability is called
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cell potency (George et al., 2008). With this potency, apple plants could be rapidly subcultured
from last generation plantlet as initial materials, which are normally obtained from the sterile
ex vitro materials. The process of apple micropropagation consists of several key steps: 1)
Establishment of in vitro culture; 2) Shoot multiplication; 3) Rooting of microshoots; 4)
Acclimatization. In our experiments, we focus on the condition and growth during shoot
multiplication. During establishment, shoot multiplication or subculture could be achieved
with initiation of a sterile culture from specific explants. It would rely on multiple factors,
which include plant characteristics, other physical culture conditions and compounds in the
medium. Plant cultivar or genotype and the developmental stage of the plant used for
establishment could play an important role. As for other culture conditions, light and light
period, temperature, humidity and size of the container are all

factors influencing

subculture. Medium components include organic and inorganic compounds, plant growth
regulators and their concentrations in the medium would all be relevant factors (George and
Debergh, 2008). Normally, it takes several weeks for plantlets to become capable for
subculture (Dobránszki et al.,2010). In the beginning of this process, the necessary nutrition
for plant growth and development are mainly provided from the medium in in vitro conditions.
Murashige and Skoog (MS) medium (1962) is the most commonly used medium for apple
micropropagation. Meanwhile, other media can also be used in apple micropropagation, such
as QL (Quorin and Lepoivre, 1977), WPM (Lloyd and McCown, 1980) and DKW (Driver and
Kuniyuki, 1984) media. The choice of medium is determined by the different genotype or
cultivar of apple propagated according to Ciccotti et al. (2008, 2009). Media could be modified
according to the purpose of the research. For example, Zanandrea et al.(2006) used modified
MS medium during research on the functionality of the photosynthetic apparatus in vitro.
Organic compounds in MS medium are often modified to help the growth of plantlets, like LS
vitamins (Baraldi et al., 1991), B5 vitamins (Bacha et al.,2009) and D-arginine (Liu et al., 2009).
In addition, plant growth regulators are added to medium to affect the growth. The effects of
hormonal regulators (cytokinin, auxin, gibberellin, etc.) and their interactions control growth
activities, though the effect of plant growth regulators is highly dependent on the plant
genotype (Dobránszki et al.,2010). Among all the elements in medium, carbohydrate as a
primary provider of nutrition can influence the growth and its translocation can be regulated
5

by varying translocator gene expression (Thorpe et al., 2008). The uptake and translocation of
sugar from the medium to the specific part in demand might have a significant influence on
the growth and development of apple in micropropagation.

Transportation of sugar and water
In vitro plants will not be completely autotrophy as nutrition is supplied by the culture medium.
The sugar in the medium can provide the energy, the carbon source and keep the osmotic
pressure balanced (Yaseen et al.,2013). Because the medium is the provider, the nutrition
flow begins by uploading in callus or roots and downloading in shoots and other parts of the
plant, which includes sugar and all other necessary components for growth.
In normal conditions, the sugar is uploaded in ‘source’ tissue, which is the photosynthetic part
of plants (mesophyll cells etc.), and downloaded in the ‘sink’, which is the part lacking the
ability for synthesis of basic carbohydrates. The mechanism of the sugar translocation is
connected with the flow inside the plant. Osmotic pressure can pump sugars from source to
sink through the vascular tissues (Oparka et al.,1999). The flow is forced by the pressure that
is created by the different concentrations of sugars between source and sink. The osmosis
plays an important part in the transportation inside vascular system. The vascular system
basically consists of two parts, the xylem and the phloem. Negative pressure maintained in
the xylem caused by transpiration offers the driving force to move the water from bottom to
top. Meanwhile, phloem transports the uploaded photosynthetic assimilation products from
leaves, regarded as ‘source’ in normal conditions, to roots and the rest of organs as ‘sink’.
There are three strategies for phloem to upload sugar from photosynthetic region like
mesophyll cell (C3 plants ) and bundle sheath cell (C4 plants) to sieve element(SE) in the
phloem system (see Figure 1; Bohr et al.,2018). For the active apoplastic mode, sugar in
bundle sheath cells are transported into transfer cells through the apoplast (cell wall space)
with the help of sugar transporters, in which the transporter cells have plasmodesmata
connecting them with sieve elements. Water in the xylem vessel can enter the phloem via the
transfer cell or directly enter sieve elements. The second mode is the active symplastic route.
Sugar in bundle sheath cells are transported by symplastic loading through the
6

plasmodesmata with intermediary cell (specialized companion cell). The sugar will be
transformed into larger sugar molecules,
like

raffinose

and

stachyose,

in

intermediary cells by enzymes inside. The
larger sugars are trapped in intermediary cell
and the concentration increasing due to
that, which make the sugars enter the
sieve elements. The trap is only possible
when there are narrow plasmodesmata
between

bundle

intermediary

cell.

sheath
For

the

and
passive

symplastic mode, sugar will follow the
concentration gradient to enter sieve
element as there are direct connections
(plasmodesmata) among bundle sheath,
companion cell and sieve element.
However, many trees, including apple,
have a high number of plasmodesmata
Figure 1. Three modes for sugar loading into phloem (Bohr et
al.,2018). These three pictures show possible pathways for water
and sugar loading to the phloem: the active apoplastic loading (a);
the active symplastic transportation via intermediary cell (b);
Passive symplastic is showed in figure (c).

connections between the sieve elements
and companion cell complexes (SE–CCCs)
and adjacent cells, leading to a lower
concentration

of

sucrose

(or

the

corresponding transported carbohydrate,
e.g. sorbitol) in the SE–CCCs than mesophyll cells. As a result, sucrose could enter the phloem
passively follow the concentration gradient (without an energy-requiring step).

For downloading sugar from phloem, things are working in a reverse way of the modes
mentioned above. In certain developing stages of sink tissues, phloem unloading has been
found to mainly transport in a symplastic pathway, but apoplastic step may also be involved
in the post-phloem pathway (Patrick et al.,1997; Haupt et al.,2001). Changing on apoplastic
7

and symplastic routes of phloem unloading have been reported during sink development of
tubers (Viola et al.2001) and fruits (Patrick & Offler 1996; Patrick, 1997). During the early stage
of tuberization, Viola and et al. (2001) reported the transition to symplastic unloading of
sucrose occurred in the swelling stolon region, but the nontuberizing region remained
apoplastic phloem unloading predominately. In apple, Zhang et al. (2004) gave some evidence
for apoplastic phloem unloading in developing apple fruit by using

14C-autoradiography

analysis.
The translocation path of sugar and other nutrients in vitro are not well-known in many plants,
including Malus domestica. De Riek and et al.(1997) have reported that hydrolysis of sucrose
in roots embedded in the culture medium could occur during multiplication and root
induction in Rosa multiflora and re-synthesis of sucrose in the plant material after the uptake
of hexose could occur. As, in apple, the wound callus at the cut edge is completely embedded
in the medium, we propose in the initial phase of establishment in in vitro conditions, the role
of “source” could shift to callus/roots, which is in contact with the sugar present in the
medium, and the “sink” could include other vegetative parts such as shoot and stem. Both
xylem and phloem have the ability to transport materials in an upward direction. For example,
polypeptides and carbohydrates both have been found in xylem sap of squash roots in ex
vitro(Satoh et al.,1992), but the pathway of sugar transport from callus to the shoot under in
vitro conditions remains to be explored.

SWEET and SUC gene families

The decomposition and synthesis of sugars in plants are regarded as some of the most
important physiological and biological activities, but all the functions and processes rely on
the translocation of sugars. Sugars in plants are normally transported from source to sink to
balance the level of sugars and to adjust to the demands for carbon. The genes connected to
sugar transportation in plants are widely studied by researchers.
Different transporters of sugar have been found in the
8

past few years. Normally, these

transporters are categorized into 4 families: Sodium Solute Symporter transporters; Major
Facilitator Superfamily (MFS) transporters; Phosphotransferase System transporters; and
Sugar Will Eventually be Exported Transporters (SWEETs) (Zhen et al.,2018). Among these
families, SWEET is a unique and interesting class of sugar transporters, because SWEETs are
conserved and exist widely in eukaryotes and prokaryotes. The SWEET family is widely
reported in animals, fungi, plants and more. First member of this family is MtN3, which was
identified in Medicago truncatula and showed a relation with the regulation of root nodule
formation (Gamas et al.,1996). The homolog of the MtN3 gene was reported in the saliva
gland in Drosophila during embryonic development (Artero et al.,1998). In recent researches,
MtN3 and this type of genes were named as SWEET because they perform functions in sugar
transportation in animals and plants (Chen et al.,2010). SWEETs are regarded as bidirectional
transporters which control transmembrane influx and efflux of sugars. SWEETs can be divided
into four clades (Eom et al.,2015). Clades I, II, and IV are regarded as the transporters mainly
targeting hexoses and clades III perform mostly as sucrose transporters (Chardon et al.,2013;
Guo et al.,2014; Klemens et al.,2013; Chen et al.,2015). In clades III, AtSWEET11 and
AtSWEET12 function in the efflux of sucrose produced by photosynthesis. They are localized
in the plasma membrane of parenchyma cells and translocate the sucrose into intercellular
spaces for further phloem loading and long-distance translocation of sucrose (Chen et
al.,2012). In clades IV, AtSWEET17 was shown to have a role as uniporter for fructose which
could help to transport across the tonoplast in roots and leaves (Chardon et al.,2013; Guo et
al.,2014). AtSWEET16 is highly homologous to AtSWEET17 and functions as a vacuole-located
carrier transporting glucose, fructose and sucrose (Klemen et al.,2013).
In addition to SWEETs, the MFS family SUC (sucrose carrier) sucrose proton cotransporters
(also called sucrose transporter, SUT) are also responsible for key steps in sugar transportation
(Chen et al. 2012). SUCs are proton/sucrose symporters that utilize the proton motive force
located across the plasma membrane of the SE–CCCs to load sucrose against its concentration
gradient into the phloem (Chandran et al. 2003; Lalonde et al. 2004; Carpaneto et al. 2005;
Reinders et al. 2012). According to Braun and Slewinski (2009), a phylogenetic tree consisting
of SUCs from available monocot and eudicot genomes was constructed and five distinct clades
or groups could be recognized. AtSUC1 is expressed in developing pollen, trichomes, and roots
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(Lemoine et al.,1999; Stadler et al.,1999; Sivitz et al., 2007).
AtSUC3 is reported to express in numerous sink cells and
tissues, such as guard cells, germinating pollen, root tips
and other parts. Moreover, in wounded Arabidopsis tissue,
AtSUC3 expression is observed even stronger (Meyer et al.
2004).

To reveal the role of the SWEET and SUC families in
carbohydrate transportation, extensive research has been
done. Durand and et al.(2018) performed detection in
Arabidopsis thaliana grown hydroponically under different
physiological conditions. In their results, AtSWEET12, 13,
and 15 were found expressed in all organs tested, while
differential expression was noticed for AtSWEET14 in roots,
stems, and siliques and AtSWEET9 & 10 expression was
Figure 2. Expression levels of AtSWEETs and
AtSUC in Arabidoposis leaf and root in vitro
and ex vitro.

Figure 3. Transcriptional levels of SWEETs and SUCs genes in leaves and roots of Col-0 growing in vitro conditions

only detected in stems and siliques. AtSUC1, AtSUC2, AtSWEET11–13 and AtSWEET15 were
found expressed in roots.
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In former experiments in Arabidopsis in our lab (Li & Papaioannou, unpublished; Figure 2 and
3), AtSWEETs and AtSUCs expression was detected in leaf and root samples in vitro. In roots,
AtSWEET 6, AtSWEET11, AtSWEET 12, AtSUC1 and AtSUC7 showed higher expression levels
than leaves. AtSWEET16 and AtSWEET17 perform higher expression in leaf than in root under
in vitro and didn’t show expression under ex vitro condition. And AtSUC3 showed inconsistent
results in Figure 2 and Figure 3. The differences in gene expression in leaf and root could
provide clues for the expression situation in apple in vitro.
Based on the abovementioned results, AtSWEET 6, AtSWEET11, AtSWEET 12, AtSWEET16,
AtSWEET17, AtSUC1, AtSUC3 and AtSUC7 were chosen as the targets in this report and were
used as templates to search for homologous genes in apple.

Sugar content and sugar metabolism
Apple and many plants in the Rosaceae family synthesize sorbitol and sucrose in source leaves.
Sorbitol and sucrose are translocated to and utilized in fruit and developing parts, with sorbitol
accounting for around 60% to 80% of the leave’s photoassimilates (Li et al., 2018). Sorbitol is
regarded as a primary end product of photosynthesis and as an important sugar for
transportation. The role for sorbitol in these Rosaceae family plants could be comparable with
the function of sucrose in other plant species, for which they both perform as soluble storage
compound and carbohydrate in phloem translocation. However, the percentage of sorbitol in
mature fruit is less than 10% of the soluble carbohydrates (Aprea et al.,2017). These
proportions showed evidence that sorbitol could be transformed into other sugar molecules
rapidly and there is carbohydrate metabolism in apple fruit (Fan et al., 2009). In the early stage
of apple fruit development, sorbitol showed function in cell division and formation (Zhang et
al.,2004). In leaves as source, sorbitol is synthesized from glucose-6-phosphate in a two-step
process (Negm et al.,1981; Zhou et al.,2003). Cheng et al.(2005) have generated by
transformation an antisense-depressed apple plant of aldose 6-phosphate reductase, which
is a key enzyme for the synthesis of sorbitol. In the transgenic plant, the concentration of
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sorbitol in leaves significantly decreased while the sucrose concentration was dramatically
raised, but the level of leaf CO2 assimilation and plant vegetative growth kept stable and
undisturbed. These observations suggested that apple under conditions in which a shortage
of sorbitol (or a difficulty to synthesize sorbitol) occurred, has the ability to switch to sucrose
as main translocation sugar and use it to support the growth of apple plantlets. As for sucrose,
it is reported as main end product of photosynthesis and translocation sugar to heterotrophic
sinks in many plants. Under in vitro conditions, the sucrose from the medium is widely used
as carbon source and it supplies the necessary energy. When apple plantlets are grown under
in vitro conditions with sucrose as the only carbon source, their capacity to metabolize sucrose
and their ability to translocate it supply the demands for growth similar as in the transgenic
plant lacking sorbitol synthesis, because of sucrose can act as main carbohydrate in both
systems.
In natural grown apple, sorbitol and sucrose were considered to load into the phloem via the
symplastic pathway (Reidel et al., 2009). With long-distance transportation, carbohydrate flow
is transported from the source and unloaded via the apoplastic pathway. In normal condition,
after being unloaded from SE-CCCs into the cell wall space of apple fruit, sorbitol is taken up
into parenchyma cells by a sorbitol transporter located on the plasma membrane (Zhang et
al.,2004). Meanwhile, sucrose unloaded from SE-CCCs is directly transported into parenchyma
cells of sink fruit by SUT/SUC on the plasma membrane or else first converted to fructose and
glucose by cell wall invertase and then transported into parenchyma cells by hexose
transporters (Zhang et al., 2004; Fan et al., 2009; Li et al., 2012). How the sucrose is
translocated and metabolized in apple plantlets in vitro remains unknown still. Monitoring the
distribution of sucrose/sorbitol and metabolite sugars in callus and shoots of apple plantlets
in vitro could provide information for understanding the carbohydrate translocation and sugar
metabolism required growth in micropropagation.

Overall, the aims of our experiments are trying to explore the mechanism of sugar
transportation in vitro in apple and determine what effectors could influence this process
during growth in micropropagation. The hypotheses for our experiments are mainly on the
following aspects: a) in callus, vascular structures might develop to facilitate sugar uptake and
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transportation; b) the unloading pathway in shoots in vitro would be similar to the unloading
pathway in sinks under normal conditions; c) sucrose is acting as main transportation sugar
during development.
At tissue level, the calli formed at the base of apple plantlets in vitro were anatomically
analyzed to check if differentiated structures similar to phloem and xylem were formed there.
At the molecular level, the expression of selected sugar transporter genes was detected by
using RT-PCR. Based on publications on other plant species, we tried to find homologous gene
families which have effects in the sugar translocation in callus in apple. Identification and
characterization of these transporter genes in Malus are important steps in understanding the
roles of these proteins in growth and development as well as the process of sugar
accumulation in the in vitro plantlets. Besides, several kinds of sugar and sugar related
metabolites were measured in two positions (callus and shoot) of plantlets in a time course
during micropropagation. The influence of light intensity on the growth was also explored.

Material and Methods
Plant materials and media
Shoot segments of Malus domestica apple cultivar ‘Gala’ were obtained from tissue culture
lab and were regenerated consistently. Shoot proliferation medium (SPM) contains
macroelements, microelements and vitamins (Murashige and Skoog, 1962), with 3% sucrose
(30g/1L) plus Fe-EDDHA (96mg/1L) and 3.11 μM 6-bezylaminopurine (BAP).The medium was
solidified with Daishin Agar (9.0g/1L). All chemicals were obtained from Duchefa, Haarlem.
Sterilization was by heating to 121°C for 15 min after adjusting the pH to 5.7. The medium is
divided in plastic tissue culture container covered with caps and plants are subcultured every
6 week in a climate chamber at a temperature of 24°C and with light at 50 μmol m-2 sec-1 in
16 hours light and 8 hours darkness (Philips Master TL-D 36, Poland)
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Fresh and dry weight determination
Samples were collected from the medium and thoroughly washed by dH2O to get rid of the
attached medium on plantlets. Shoot and callus were cut to separately stored in different
tubes, which have been labeled before. All the samples were dried in an oven (Omnilabo
International B.V., Breda, The Netherlands) with the caps open for overnight. Use XPE105 DR
analytical balance (Mettler-Toledo B.V., Tiel, The Netherlands) to weigh every samples.

Sugar extraction and HPLC
For sugar content extraction, each sample needed to consist of a minimum of 20 mg weight.
Shoot and callus samples from the same week will be compared pairwise. In every pair, the
weight of the two tissue samples needed to be similar. For example, the fresh weight of callus
from week 1 should have a similar weight with shoot sample from week 1. The samples should
be freeze-dried overnight and separated in different tubes at approximate 20mg weight. The
dried samples can be used to prepare for HPLC analysis. Freeze-dried sample were transferred
in 12 mL glass tube with screw cap. Weights were recorded the exact data for future
calculation. 2000 L 80% (v/v) ethanol were added and samples were incubated at 80 °C for
40 mins in HLC thermoshaker (MHR 23, DITABIS, Germany) at 500 rpm. Centrifuge(Heraeus
Megafuge, Thermo Scientific) at 4000rpm and use clean glass pasture pipette to transfer the
supernatant to another 12 mL tube. 80% (v/v) ethanol washing was repeated for 2 more times
leading to a total of 6 ml of 80% ethanol for each glass tube. The supernatants were then
evaporated until dry by vacuum using the RapidVap N2 (Labconco, USA) to remove the ethanol.
The evaporated dried samples were re-suspended by adding 1000 μl of dH2O and incubated
for 10 minutes in the HLC thermoshaker (MHR 23, DITABIS, Germany), 200rpm at 25oC and
then transferred to a 1.5 ml Eppendorf tube. Tubes were centrifuged at 13000 rpm for 5
minutes and 100 μl of the clear supernatant transferred in routine crimp top vials (Thermo
Scientific) for HPLC measurement by Dionex ICS-5000 Detector/Chromatography
Compartment (Thermo Scientific) using matched standard column. The standard curves of the
standard sugars were constructed manually from different dilutions of sorbitol, rhamnose,
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galactose, arabinose, glucose, sucrose, mannose, xylose and fructose. Each component was
dissolved in MQ water in the following stock concentrations: 0.005, 0.010, 0.025, 0.050 and
0.100 mg/ml. Those concentrations were used as the standards to calculate the content of
each neutral sugar in the tested samples.

Histological sectioning
Fresh samples of in vitro callus were collected from the plantlets as specimens for histological
microscope observation. The Technovit 7100 system was chosen for embedding and cutting.
The volume of sample is around one cubic centimeter . The 5% Glutaraldehyde and phosphate
buffer(pH=7.2) were used to fix the samples and soaked samples were put in vacuum pump
(RapidVap N2, Labconco, USA) for 2-3h. After that, 0.1M phosphate buffer were used to wash
samples for 4 times, each time for 5-10 mins. After washed by buffer, the sample then were
washed with water for another 2 times. Dehydration was done as the next step. For this,
different levels of rising concentration of ethanol (10%, 30%,50%,70%, all v/v ) were prepared
to get rid of the water in samples. For each level, the samples should be immersed in the
solution for at least 30 mins. Then, 96% and 100% (v/v) ethanol immersed samples in vacuum
pump for 30mins each. When dehydration is finished, the Technovit A solution (100ml
Technovit liquid + one package of activator) were prepared to do the infiltration. 100% ethanol
mixed with active Technovit A in a 1:1 ratio to treat the samples for 2 hours or longer in room
temperature. The samples were then put into pure Technovit A solution in a vacuum overnight.
While samples were taken out and placed on special plastic holder (in the kit of Technovit
7100 system), 15mL Technovit A mixed with 1mL Hardener were added to the holder. Drop
properly amount of the mixture solution through the hole in the holder and stand the samples
still in the fume hood for more than 5 hours or overnight.

Light condition experiment
The influence of the illumination intensity was tested with 4 different levels of PPFD
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(photosynthetic photon flux density): 0, 50, 100, 175 µmol m-2 s-1, each of the levels has at
least three replicates (containers with 9 plantlets inside). Medium remained as the normal
protocol (SPM medium) for all the treatments. All the plant samples have been collected to
measure the fresh weights in week 6 after being dried in an oven (Omnilabo International B.V.,
Breda, The Netherlands) at 45 °C overnight, the dry weights of the samples were also
measured.

RNA isolation, cDNA synthesis and quantitative RT-PCR
Tissue samples (100mg) of shoots and calli frozen in liquid nitrogen were ground in Eppendorf
tubes containing two steel balls, by agitating for 2 min at 30 Hz using a Retsch TissueLyser II
(QIAGEN, Chadstone Centre, VIC, Australia). RNA was isolated from approximately 100 mg of
ground material using the plant RNeasy kit (QIAGEN) according to the manufacturer’s
instructions. The total RNA extracted was quantified and the quality was checked using
NanoDrop ND-100 spectrophotometer (Isogen). Complementary DNA (cDNA) was synthesized
from 1 μg of the extracted RNA using the iScript cDNA synthesis kit (Bio-Rad Laboratories, USA)
according to the manufacturer’s instructions. Synthesized cDNA was first diluted before it was
used for the following qPCR reaction. Primers used for the amplification of the genes were
designed by Primer3 and obtained from former studies. Quantitative RT-PCR was carried out
on CFX96 Real-Time PCR (Bio-Rad Laboratories, USA) using SYBR green (QIAGEN) and PCR
cycles according to the manufacturer’s instructions. The relative gene expression level is
calculated by 2-Ct method (Schmittgen & Livak, 2008).

Statistical analysis
All experiment results were analyzed with Microsoft® Excel and R version 3.6.1. Each group of
the same sample was tested for normality with the Shapiro-Wilk test (α = 0.05). Sample data
were tested by Levene Test for checking equality of variances (F>0.05) and ANOVA
significance was set to a threshold of P<0.05.
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Result
Histological analysis of apple callus in vitro

For exploring the structure of callus during micropropagation of apple, a histological analysis
has been done by using Technovit 7100 system(details in Materials and Methods). Mature
callus (6weeks) was chosen and cut in different layers : shoot-callus connecting position(A);
middle position of callus(B); lower position of callus (bottom, C); side of callus in vertical
direction(D). The slices were stained and observed under a microscope. In the images of the
slices, most cells of the callus showed a disordered arrangement in different layers.
Meanwhile, slices of the shoot and callus junction position(A) showed

structures similar to

those in normal shoots, which could be identified as xylem, phloem and cambium. In cutting
position B, callus at some places showed an ordered structure surrounded by loose
parenchymatous cells. So, among all the disordered cells, there were some structures showed
the tendency of differentiation.

In Figure 4-B, organized lignified cells could be clearly observed and the cellular sizes are
smaller than normal callus cells observed in other slices. However, compared to shoot-callus
junction, the structure in callus did not form well-organized vascular bundles and it only
existed in some parts of the section. Figure 4-C provided the information on cellular
arrangements at the bottom part of the callus. Figure 4-D suggested there were bundles-like
cell group forming and not just individual lignified cells. In our hypothesis, cells closer to shoot
should perform more organized structure and the cell closer to the bottom of callus should
have looser arrangement. Comparing B and C, the space among cells in C is clearly lager than
B, and the arrangement in B is well organized than C, which are consistent to our hypothesis.
In Figure 4-D, it suggested a tendency of less organized arrangement from top to bottom, but
it not quite clear. It may due to the cutting position of Figure 4-D is located in the side of callus.
More vertical section could be done for observe the changing in vertical direction of callus in
future experiments. In Figure 4-C, D and E, they showed callus at the bottom mainly consisted
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of parenchymatous cells but there were also some lignified cells present in the callus. There
was deduced from the observation of greenish blue(B, C and E) or bright blue(D) stained cells
with thickened cell walls, which are normally the sign for lignin cells in xylem. These
anatomical observations confirmed the common opinion about callus having a loose structure,
but they also provided the evidence that there are differentiated vascular-like tissues, or at
least, lignified cells inside wound callus during micropropagation.
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Figure 4. Microscopy histological section images. A: Transverse section of stem-callus junction; B: Transverse section of upper
middle cells in callus; C: Transverse section of callus bottom; D: Vertical section of callus; E: Magnifications of a part of C
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Sugar content in shoots and callus during six weeks of growth

Every week during a time period of 6 weeks, samples of shoots with calli of each week were
collected from their medium and cleaned by MQ water. Then these shoots and calli were
immediately separated and the sugar contents of them were determined by using High
Performance Liquid Chromatography (HPLC). By HPLC, we chose several representative
saccharides to explore the general status of sugar transportation in vitro. With time goes by,
the distribution of different saccharides including sorbitol showed varying trends in callus and
shoots. However, not all the sugars we planned to measure gave HPLC results for all 6 weeks.
I have measured 9 kinds of sugar (sorbitol, rhamnose, arabinose, galactose, glucose, mannose,
xylose, sucrose and fructose), which are widely studied in apple. Here only the results for
sucrose, sorbitol, glucose and rhamnose are displayed in Figure 5. Other sugars did not give
complete results for all six weeks; sometimes they were detected by HPLC at a specific timepoint only or the results were inconclusive because of too low levels or of erroneous data.

The tendencies in sugar tissue distribution in samples are not the same for different sugars.
Among all the detected contents, sucrose was more prevalent in shoots than in calli during
the entire six weeks period. In shoots, sucrose in the first week showed a much higher level
than in later weeks. In the next five weeks, sucrose in shoots showed varying levels at first and
then became stable. But in calli, sucrose levels kept quite stable in all six weeks.
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Figure 5.Sugar content distribution in shoot and callus in 6 weeks. Values are means of 3 replicates ± SD. Relative content
represent the calculated sugar concentration of dried weight for each sample. ANOVA result showed the P value <0.05.

For sorbitol and glucose, they showed highly similar trends in their distributions in both time
and position. In shoots, they showed an increasing tendency from the first week to the sixth
week and the peak in their concentration in shoots showed up in the last week, which was in
line with the development and growth of shoots. In calli, sorbitol and glucose showed dynamic
changes in six weeks. The peaks of those two kinds of sugar in calli both was found in the sixth
week. As to rhamnose, the concentration is much lower compared to the other three kinds of
measured sugar. Although the peak came up in the last week, there was no clear tendency
showing up in the six weeks course.
Normally, sorbitol performs as the main transportation and the major product of apple
plantlet. But under in vitro condition, sucrose is provided by medium and may perform as the
main transportation sugar, which were reflect by the higher sucrose concentration in the
figure.
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The total amount of sugar, adding the
concentrations of all four individual
sugars measured was calculated,
which showed a general increase for
the six weeks period (Figure 6). In
shoots, the summation of all four
sugar contents showed a temporary
peak in first week with a decrease in
second week, but the total amount
kept increasing after the second week
till to sixth week. The increasing
trends in the summation conformed
with

shoot

and

performance.

In

plant
callus,

growth
the

concentration of four sugars did not
give a clear tendency for six weeks
detection, but the total tendency
seems to be increasing in the time
course.
Figure 6. Summation of measured sugar contents. Blue bars reflect
rhamnose; Orange bars reflect sorbitol; Grey reflect sucrose; Yellow
reflect glucose.
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Expression of sugar translocation related genes in vitro

To explore the relative expression of genes involved in sugar transportation in Malus
domestica micropropagation, several genes have been selected and were measured for their
expression levels to check if there were any differences in expression among them in callus
and shoots. Meanwhile, relative gene expression levels were also tested by RT-qPCR in
different weeks. Firstly, the target genes were selected according to results from Basic Local
Alignment Search Tool (BLAST) being homologous to specific Arabidopsis genes. For the BLAST
search, template genes were those selected from SWEET and SUC gene families, which were
proven to be expressed in Arabidopsis in vitro in former research. According to former
experiments of Arabidopsis in vitro shoots and roots, the protein queries of AtSWEET 6,
AtSWEET11, AtSWEET 12, AtSWEET16, AtSWEET17, AtSUC1, AtSUC3 and AtSUC7 were chosen
to do the tBLASTn searching program and use them as templates for finding homologous
genes in the Malus domestica gene database (Malus x domestica GDDH13 v1.1). In theory,
these selected homologous genes might have a higher chance of being expressed in Malus
domestica in vitro. In Table 1, the final selected homologous genes are displayed, and their
BLAST results are also shown here. For each template gene from Arabidopsis , there could be
more than one homologous genes found in the BLAST result, but only genes with the highest
bits score (at least over 200) and lowest E-value were selected and listed in the table. For each
homologous gene, their names are matched with the corresponding genes in Arabidopsis and
their parameters from BLAST result are also shown in Table 1.
Target genes from the AtSWEET and AtSUC families have several homologous genes with high
similarity in Malus domestica. According to these BLAST results, for all 8 template genes I
selected from Arabidopsis homologous genes have been found in Malus domestica. Judging
from E-value or Identities, the apple homologues all showed significant similarities to the
template sequences and some of them (MdSUC1 and MdSUC3) even gave the number of 0
for the E-value, which means that the probability of the sequence occurring in the database
purely by chance is extremely low. Interestingly, some of these homologous genes were found
in more than one BLAST result of the template gene from Arabidopsis. For example,
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MD05G1040000 (with the name of MdSUC1) showed the highest similarity in the BLAST result
of AtSUC1 but also performed a highly similarity with AtSUC3. Some of those homologous
genes have a great similarity to the same template gene, but do not locate on same
chromosome. For instance, MdSWEET6.a and MdSWEET6.b were found located on
chromosomes 14 and 6 of Malus domestica. Based on the BLAST searches, selected genes
from Malus domestica have been used as targets to design specific primers for qPCR. These
primers were used in qPCR for quantitatively measurements of the possible expression levels
during apple micropropagation in callus and shoots. Sequences of the forward and backward
primers are displayed in Appendix 1.
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Before qPCR, RNA extraction of apple plantlet samples from week 1 to week 6 has been done
for synthesis the cDNA of shoot and callus samples. The cDNAs were used as templates for
qRT-PCR and I also selected several housekeeping genes as references, which include
Actin(ACT) and ubiquitin-conjugating enzyme E2(UBC). The expression of target genes are
shown in a heatmap (Figure 7) according to the qRT-PCR results. 2-ΔΔCt method was used to
calculate the relative expression level. In the figure, colors of specific samples show the
relative expression level compared to the reference gene. Closer to green means the
expression of that gene is lower than the reference gene at that time and in that tissue and
more red means the expression of the target gene is higher compared to the reference gene.
In time course, all 6 weeks samples were collected and analyzed gene expressions. In the first
week, MdSWEET 6b, 6a and 11 were found have higher expression. In week 2, MdSWEET 6b,
11, 12a, MdSUC 1 and 3 showed higher expression. MdSWEET 16 and 12c performed higher
comparing to others in week 3. In week4, MdSWEET 16, 17, MdSUC 7 and 3 were higher. In
week 5, MdSWEET 16,12a, 12c,17,MdSUC1,3 and 7 were expressed highly. In week 6, due to
lacking the data from shoot, only the callus expression were calculated and MdSWEET 12b,
12a and MdSUC 1 were found expressed highly.
Comparison of shoot and callus expression condition, some target genes showed tendency in
certain position. For example, MdSUC 1, 3 and 7 could expressed higher in shoots. While some
genes showed different expression in weeks: For MdSWEET16 and MdSWEET12c, they both
showed higher expression in later three weeks in shoots. Those observation may reflect they
have more effect in the late stages of shoot development. For highly expression in callus,
MdSWEET 6b, 6a and 11 showed higher expression level in calli. MdSWEET12b only showed
higher expression in week 6 callus sample and no clear tendency could be identified.
MdSWEET 12a showed highly expression in both shoot and callus.

In conclusion, all the target homologous genes selected could be expressed during the apple
micropropagation. In the course of time, MdSWEET6a, MdSWEET6b and MdSWEET11 were
highly expressed in the early stage (week 1 ) of micropropagation. MdSWEET12b, MdSWEET16,
MdSWEET17 and MdSUC7 were higher expressed in later weeks(week 4 to 6). MdSWEET12a,
MdSWEET12c, MdSUC3 and MdSUC1 showed multiple high expression in both early and late
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weeks. Comparing the location of the observed expression, MdSWEET16, MdSUC3 and
MdSUC7 showed higher expression in shoots. For the other genes, no conclusion with respect
to tissue type could be drawn for high expression .
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Query ID

MD14G1133400

Name of

Chrome

Match ID of

candidate gene

location

Arabidopsis

MdSWEET6.a

MD06G1112000

MdSWEET6.b

MD16G1125300

MdSWEET11

Same as
MdSWEET12.a
Same as
MD06G1136500
MdSWEET12.c
MD14G1151300

MD14G1151300

MdSWEET12.a

MD13G1124300

MdSWEET12.b

MD06G1136500

MdSWEET12.c

MD05G1012200

MdSWEET16

Same as
MdSWEET17
Same as
MD06G1136500
MdSWEET12.c
MD13G1166800

MD13G1166800

MdSWEET17

Same as
MD05G1012200
MdSWEET16
MD05G1040000

MdSUC1

MD16G1075900

MdSUC3

MD10G1045900

MdSUC7

Same as
MD05G1040000
MdSUC1

Description

Chr 14
Chr 6

AtSWEET6

Identity=

Positives

9.17E-72

125/231
(54.11%)

139/231
(60.17%)

3.55E-66

129/246
(52.44%)

145/246
(58.94%)

1.48E-79

145/284
(51.06%)

160/284
(56.34%)

145/275
(52.73%)

162/275
(58.91%)

147/281
(52.31%)

161/281
(57.3%)

5.22E-89

156/278
(56.12%)

171/278
(61.51%)

8.83E-84

150/282
(53.19%)

170/282
(60.28%)

2.69E-84

150/279
(53.76%)

163/279
(58.42%)

3.35E-42

93/210
(44.29%)

108/210
(51.43%)

1.31E-72

139/245
(56.73%)

158/245
(64.49%)

3.32E-42

82/217
(37.79%)

101/217
(46.54%)

4.01E-80

149/241
(61.83%)

166/241
(68.88%)

7.88E-46

98/231
(42.42%)

113/231
(48.92%)

AT1G66770

Chr 16
Chr14

E-value

AtSWEET11 AT3G48740

Chr6

2.09932E83
7.8689E81

Chr 14
Chr 13

AtSWEET12 AT5G23660

Chr 6
Chr 5
Chr 13

AtSWEET16 AT3G16690

Chr 6
Chr 13
Chr 5
Chr 5
Chr 16

AtSWEET17 AT4G15920

AtSUC1

AT1G71880

0

331/488
(67.83%)

359/488
(73.57%)

AtSUC3

AT2G02860

0

344/453
(75.94%)

362/453
(79.91%)

1.82E-156

260/418
(62.2%)

281/418
(67.22%)

6.11E-160

269/416
(64.66%)

285/416
(68.51%)

Chr 10
Chr 5

AtSUC7

AT1G66570

Table 1. BLAST results of homologous genes in Malus domestica. Query ID is unique gene name in Malus x domestica
GDDH13 v1.1 database. In Description, there are the IDs for genes in Arabidopsis gene database(TAIR). Expect value(Evalue) is the number of expected hits of similar quality (score) that could be found just by chance. Identify percentage is a
number that describes how similar the query sequence is to the target sequence. Positives correspond to the number of
amino acids that are either identical between the query and the subject sequence or have similar chemical properties.
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Light intensity effects on growth
In the light intensity experiment, plants were grown in different light intensity levels, while
the other environmental conditions were the same. All the materials were collected after 6
weeks growth and kept in tubes for overnight drying. Light intensity levels had been
determined by using an illuminance meter in earlier experiments by Huayi Li. In the four light
intensity levels, 100 µmol m-2s-1 performed best giving the highest weight value in both fresh
weight and dry weight measurements. In 0 µmol m-2s-1 (dark) condition, plant could still grow
but weight accumulation was found to be very limited. From 0 to 100 µmol m-2s-1, weights of
plant increased with increasing light intensity, but the highest light intensity (175 µmol m2s-1

) in this experiment showed a decrease in weight accumulation again. Too strong light

illuminance may lead to a decline in growth. These data suggested that light could have an
effect on growth during the micropropagation, but the promotion of grow by high light
intensity has a limitation. The highly increase in illumination could have negative effect and
cause photoinhibition. Meanwhile, the gas exchange in container is low and cause lack of CO2 ,
which might have become limitation to support photosynthesis, as high light tries to increase
photosynthesis. Exogenous sugars in medium could inhibit photosynthesis and prevent the
proper development of the photosynthetic apparatus. Those have been proven by several
experimental works (Rybczyński et al.,2007; Eckstein et al.,2012).
1400
Fresh Weight
1200
Dry Weight

Weight(mg)

1000
800
600
400
200
0
0

50
100
LIGHT INTENSITY(μmol m-2 sec-1)

175

Figure 8. Fresh and dried weight of plantlets in gradient light intensity. Dark grey bars reflect the fresh weight and lightly grey
bars reflect the plant weight after stove drying. Values are means of five replicates ± SD.
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Discussion
Histological analysis
In the histological analysis, I used Toluidine Blue O as the dye. Toluidine Blue O is a cationic
dye that can attach and connect to anionic groups, which are negative charged. Toluidine Blue
O is defined as a polychromatic dye, which could react with several chemical components
inside tissues and cells differently and show distinguishable colors in the specimen. Those
colors could reflect information about cell walls and the cell itself according to their
characteristics. A typical water solution of Toluidine blue O is blue, but it could bind to
different anionic groups to make multiple colors. For example, the dye can react with
carboxylated polysaccharides and result in a pinkish purple color. If Toluidine blue O binds to
lignin, green, greenish blue or bright blue will show up (Mitra at al.,2014). In our results, we
observed clearly lignin-like structures in the specimens cut from 6-weeks old callus.
Interestingly, greenish blue or blue coloration are also observed in the cortex and epidermis
tissues probably because, although they are not lignified, they contain pectin polymers in their
cell walls.
Beside using Toluidine blue O, Safranin O combined with fast green were also taken into
consideration in our experiments. In theory, this combination of dyes could identify xylem-like
structures and show phloem-like structures (if there are any) as they stain those two
structures separately. However, the final stained callus specimens using Safranin O and fast
green didn’t give ideal results in pre-experiments. This could be caused by the staining time
for these two dyes, which influenced the final staining effect. In future experiments, other
kinds of dyes should be attempted in histological analysis on callus in order to reveal
differentiated structures formed in callus. If possible, dynamic observation should be done by
using a fluorescent sucrose analogue (e.g. esculin) to monitor uptake activity by confocal
microscopy. For example, Rottmann and Stadler (2019) developed a new method that is based
on mesophyll protoplasts as sugar monitor system.
According to the observations on calli in our experiments, clear lignified structures were found
in the samples. Those lignified structures may play an important role in water uptake in callus
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and give a potential highly efficient path in callus for soluble contents to be transported to the
shoot. Based on this, soluble sugar transport in the wound callus at the base in in vitro shoots
could take place through xylem formed within the callus. Normally, callus was regarded as
consisting of loose undifferentiated cells. Our observations showed that there are
differentiated structures present in mature callus. And the lignified cell distribution more in
the top of callus, which is closer to stem, and existed less in the bottom of callus. These
observations could reflect the undifferentiated cell appear firstly and the xylem-like lignified
structure may extended from the stem to callus. Our hypothesis is there are vascular structure
in callus and facilitate the sugar transportation. Those observations provided clear evidences
for existing of lignified structure but if they do have effect for high efficiency transportation
from the beginning stage of growth or they only paly a role when the vascular structure is
completely developed remained to be explored.

Homologous genes and chromosome distribution

I have done the tBLASTn to identify potentially interesting genes in Malus domestica, which
were highly similar (paralog) to genes involved in sucrose translocation from Arabidopsis
identified in earlier research. According to the BLAST results, each query from Arabidopsis has
several homologous genes with Bit scores over 200 in Malus domestica. Only the genes with
the lowest expectation value (E-value) were chosen for further research . For example,
AtSWEET16 has three homologs in apple and they all showed low E-values and high identity
percentages which represent high similarities to AtSWEET16. For this single

gene query

finding multiple homologous genes, they were located on different chromosomes. More
interestingly, their locations are often in paired chromosomes, such as chromosome 6-14
(MdSWEET6a/6b) or chromosome 5-13 (MdSWEET16/17). These cases could be due to the
fact that apple is considered a diploid but has a history of autopolyploidization. In the reports
of Wei et al.(2014) and Zhen et al.(2018), homologs of SWEET were also found distributed in
paired chromosome. Multiple homologs of SWEET could be related to whole genomic
duplication. Besides, there are genes in apple which are highly homologous to different
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Arabidopsis SWEET genes. For example, MdSWEET12.a gave both low E-values for AtSWEET12
and AtSWEET11 in BLAST results. According to the phylogenetic tree from Zhen et al. (2018),
AtSWEET11 and AtSWEET12 belonged to same Clade III, while, AtSWEET16 and AtSWEET17
were both assigned to Clade IV. High similarity at the nucleotide level exists between

these

AtSWEET genes, which could explain why single MdSWEET gene possessed highly homology
to two AtSWEET genes.

Comparison of the expression levels of the SWEET and SUC genes in apple and
Arabidopsis
In earlier experiments, expression of SWEET and SUC gene family members has been detected
in Arabidopsis. In Arabidopsis shoots and roots in vitro, AtSWEET6, 11, 12, 16, 17, AtSUC1, 3
and 7 showed higher expression levels.
AtSWEET6 is thought to be in Clade II defined by Chen and et al.(2018) and may have a
function in the low-affinity uptake and efflux of sugar across the plasma membrane (Chen et
al.,2012). In earlier expression results in Arabidopsis in vitro, AtSWEET6 showed some
inconsistency: in Figure 2 (Li, unpublished), it showed expression in root in ex vitro and in leaf
in vitro, but in Figure 3 (Papaioannou, unpublished), the expression is only found in root in
vitro. In apple, MdSWEET6a and 6b showed expression in callus, while they were also
expressed in shoots (Figure 7). As there is less research in the expression study on SWEET6, it
remains to be further studied.
AtSWEET11 and 12 were considered to mediated sucrose efflux from phloem parenchyma
cells to vascular tissue via apoplast loading pathway (Chen et al.,2012). In previous expression
experiments, AtSWEET 11 showed higher expression in both leaves and roots in vitro, and
AtSWEET12 showed higher expression in leaves in vitro (Li, unpublished; Figure 2).
MdSWEET11 showed expression in both shoots and callus in early stages (week 1 and 2). But
MdSWEET12a/12b/12c performed not consistently in expression: MdSWEET12a expressed
high in shoot in early stage (week 2) but higher in callus in later stage (week 5/6);
MdSWEET12b was only expressed in callus in later stage; MdSWEET12c expressed in callus in
early stage(week3) and in shoot in later stage (week5). In the report of Zhen and et al.(2018),
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they proposed that SWEET genes in Malus domestica as all genes have undergone
polyploidization and/or segmental duplication during the evolution of the species. As a result,
these genes might have functionally diverged leading to differences in expression
(Blanc&Wolfe, 2004). In our results, the diverged expression of the AtSWEET12 homologs
MdSWEET12a/b/c could be related to their divergence in function. AtSWEET11 and
AtSWEET12 both belong to Clade III and they are highly similar to each other, it would be
interesting to study MdSWEET11 and MdSWEET12 together in the future.
AtSWEET16 was found expressed in leaves and roots in vitro (Figure 2). AtSWEET16 is believed
to be a vacuolar-located sugar facilitator transporting glucose, fructose and sucrose (Klemens
et al.,2013). Compared to earlier results with Arabidopsis in vitro leaves, MdSWEET16 is
expressed in callus and also in shoots, but expression mainly occurred after week 3 and was
higher in shoots than in callus. The expression of MdSWEET16 seemed to be related to the
growth of the shoots, which required more sugar storage and cross-membrane transportation.
MdSWEET16 expression might provide some insights regarding sugar transportation in the
sink of apple plantlets in vitro.
AtSWEET17 showed expression in leaves and roots in vitro (Figure 2) but seemed only
expressed in leaves in Figure 3. In other research about AtSWEET17, it was reported as
vacuolar fructose transporter in both leaves and root (Chardon et al.,2013). MdSWEET17
(MDP0000329239; or MD13G1166800 in GDDH13 V1.1 database) was reported to affect the
fructose transportation and influenced drought abiotic stress response (Lu et al.,2019). In our
results, MdSWEET17 was mainly expressed in later stages in both callus and shoots but at a
higher level in shoots, which is consistent with Lu et al.(2019) and in vitro Arabidposis
expression (Figure 3).
AtSUC1 was observed to express in roots in vitro (Figure 2 and 3). In other studies, AtSUC1 is
regarded as sucrose/proton symporter and has an important role in unloading in roots and in
root growth (Durand et al.,2018). In our results in vitro, MdSUC1 expressed in both callus and
shoot, but the expression in shoots were higher. This observation could reflect that sugar
transportation in shoots in micropropagation, unloading at the sink which is the shoot, is
similar to unloading in roots under normal, ex vitro conditions. It would suggest that sugar
may unload and reload in the upper parts (shoot, stem ,leaf and etc.) as sink to support growth
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at the micropropagation stage.
The same thing seemed to be true for SUC7. AtSUC7 is mainly expressed in roots according to
Figure 3 and other research (Rottmann et al.,2018). But under in vitro condition, our results
showed that MdSUC7 was higher expressed in shoots instead of callus, which may also give
evidence of possible shifting between sink and source in micropropagation.
AtSUC3 (AtSUT2) was expressed higher in roots than in leaves in in vitro Arabidopsis in Figure
2 but only expressed in leaves in Figure3. In other research, AtSUC3 protein is not only
localized in the sieve elements of the Arabidopsis phloem, but even strongly expressed in sink
and other tissues (Barker et al.,2000; Meyer et al.,2004). In our expression results, MdSUC3
expression was clearly higher in shoots than in callus in late stage (Figure 7) ,which may
indicate that shoot in apple micropropagation has multiple roles( as sink and partly source) in
growth stage.

Currently, most of the MdSWEETs and MdSUCs functions are not studied in detail and we can
only focus on the predicted function according to their homologous gene in other species.
Once the function of a specific gene is clear and its expression pattern is confirmed under
normal conditions, detecting the expression of this gene in vitro would provide strong
evidence for the mechanism of in vitro sugar transportation both in callus (source) as in shoots
(sink). For example, if one of the MdSWEET gene’s function is loading sucrose into the phloem
and it is expressed in callus, these facts could provide strong evidence that sugar
transportation in callus is through phloem. In the future, the target genes could be studied by
further in-depth expression analysis and other studies to reveal the roles played in sugar
uploading/offloading during micropropagation. By using protein analysis methods, such as
immunodetection or co-expressed fluorescent labelling, the exact location of expression or
even of the actual proteins would be detected and checked if they are present in the
companion cells and sieve elements or other parts related to sugar translocation. Besides,
biochemical detection could be done for measuring dynamic carbohydrate levels and
combined with statistical analysis to find out if they are in quantitatively correlated with gene
expression.

33

Carbohydrate content
In our experiments, HPLC analyses were performed and provided results about the
distribution of several kinds of carbohydrates in calli and shoots in a time course. The general
tendency of each sugar reflects the growth of plantlets and partly reflects the metabolism of
sugar. Sucrose showed a clearly higher concentration in the first week, while sorbitol and
glucose were both lower in the first week in shoots. This observation illustrated the fact that
plantlets are highly depending on sucrose from the medium in the beginning of culture. At the
same time, sucrose levels in calli were quite stable in all six weeks. The increasing of sucrose
in shoots in the first week might be caused by the directly transportation through xylem in the
fresh cut plantlets with the help of transpiration, as Li et al.(unpublished) have showed the
transpiration could promote the transportation of nutrition and growth of apple plantlets in
vitro. With the formation of callus, the directly transportation be inhibited, and the sucrose
would go through other pathway, which could be apoplastic. Meanwhile, the transported
sugar would be used with the growth of shoot, which lead the decline from the sucrose
concentration peak in the first week. In the later weeks, sucrose transported through other
path can fulfill the demand of growth, which made the concentration be relatively stable.
A most interesting observation is that the tendency regarding concentration levels of sorbitol
is almost the same as for glucose, but the absolute values for them are not the same. There
could be different explanations for this similar tendency. First, the chemical structures of
sorbitol and glucose are highly similar and there is only one aldehyde group difference
between them as the aldehyde reduction product of glucose is the molecule sorbitol (Sheet
et al.,2014). This similarity could lead to a difficulty in separation of these compounds,
however, the curve of chromatograms (Appendix 2) showed no problem in separation. In
leaves as source, sorbitol is synthesized from glucose-6-phosphate, which is the common
precursor in sucrose synthesis (Zhou et al.,2003). In other research on apple leaves, the results
also showed the same tendency in sorbitol and glucose levels in untransformed normal plants
(Li et al.,2018). Although there may exist a difference in metabolism in vitro, sorbitol is still
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mainly synthesized by photosynthesis even under in vitro conditions as there is no sorbitol in
our medium. If the metabolic relationship between sorbitol and glucose stills exists in vitro,
this could lead to the same tendency as ex vitro, but this needs to be confirmed by more
measurements of related metabolites (e.g. glucose-6-phosphate and others).
Sorbitol in callus is increased in week 6 compared to week 1, while MdSWEET12b and
MdSWEET12a are highly expressed in week 6 in callus. This may hint towards leaf-synthesized
sorbitol transported to callus in the late stage of growth through phloem or the resynthesizing
of sorbitol is also happened in callus. Although sucrose is the only carbohydrate source in the
medium, and sorbitol still showed an increasing trend, it means production/metabolism of
sorbitol still goes on in in vitro apple tissues (and perhaps not from photosynthesis alone) and
gives the evidence for the highly important role of this carbohydrate for apple growth, even
in vitro.

Conclusion and future prospects
In conclusion, this report gives a preliminary impression of the sugar transportation in apple
in vitro. The relative gene expression of the AtSWEETs and AtSUCs homologs highlights the
importance of further studies on carbohydrate translocation in apple in vitro. Sucrose
transporters were found to be expressed in wound callus formed at the base of the shoots
and in direct contact with the medium containing sucrose. Genes related to the unloading of
sugar suggested that there is a possible shift for shoot and callus between the roles of source
and sink in vitro compared to ex vitro. The sugar content measurements were valuable for
studying the metabolism of sugar in vitro. Especially sorbitol, as it is only synthesized in apple
tissue instead of being obtained from the medium, was found to have an important role in
sugar transportation. Sorbitol continuously increased with shoot growth, while sucrose
concentrations decreased after the peak in the first week, but in callus it kept stable. The
histological analysis proved there are lignin containing xylem-like structures in mature callus,
which could take part in a highly efficient transportation way to meet the demand for
carbohydrates in future growth. In further research, genes with predicted functions in sugar
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transportation should be studied together with target sugar distribution during
micropropagation. Transgenic lines could be created for gene function analysis. For example,
the knock-down or overexpressing line of MdSUC/MdSWEET could be created and
subcultured in vitro. Detection at the protein level could be done for confirm
steps/involvement in the transportation pathway in vitro. Histological analysis with more
techniques, such as

14C

as tracer or other fluorescent sucrose analogue for confocal

microscopy in real-time observation, could be done to provide more details about the
structure and their roles in transportation of carbohydrate inside callus during development
and growth.
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APPENDIX
Appendix 1. Primers of target genes in RT-PCR

Gene
MD14G1133400

Gene symbol
MdSWEET6.a

MD06G1112000

MdSWEET6.b

MD16G1125300

MdSWEET11

MD14G1151300

MdSWEET12.
a

Sense (5’-3’)
TTCCGAATGGGCTGGGC
TTA
CCGTTGTTCTGAGAGGG
AGC
CTAGTGGGGAGTGCATA
CCG
GCCTTTGGCATTCTAGG
CAAC

MD13G1124300

MdSWEET12.
b

GTGCGCTCCGTACAGGA
AT

TCAGGGTGAACAAA
CGGCAT

MD06G1136500

MdSWEET12.
c

TCTACGTTGCAACCCCA
AACA

CATGGGAGCTTACA
GCTGCTT

MdSWEET16

TCCAAATGGGTTTGGGA
GTGG

ACGCCCATCTCCATT
GATTCG

MdSWEET17

CTGCTCAACTCCTCCCT
GTG

TACCCTCATTTTTGC
CGGGG

MdSUC1

CCGACAAGAATTCTCAG
GCCA

GGTCAGGAGGGAGA
GTTGCAGT

MdSUC3

ACTCACTATGTATCAGC
AGAAT

TGAGATGGCCTCCTT
TAGATTCT

MD10G1045900

MdSUC7

ACTIN(ACT)

MdACT

MDP000020518

UBIQUITINCONJUGATI
NG ENZYME
E2

CTGGATGGGAAAGGAG
GTGT
GGCTCTATTCCAACCAT
CCA
TTGCTGGTGATCTCTGC
ATC

AAACAGTCAAGGCC
ATGCAG
TAGAAGCAGTGCCA
CCACAC
AGACCCACCTACTC
CCGTCT

MD05G1012200

MD13G1166800

MD05G1040000

MD16G1075900

2
(UBC)
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Anti-sense (5’-3’)
TTCTGATGAGTGCTG
CCAGTC
CTATTCCGAATGGG
CTGGGC
AACCAGATAACGGC
GCTCAA
CAGGATCACATGAG
ACTTGAGGA

Appendix 2. Part of chromatograms from HPLC
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Appendix 3 Phylogenetic tree of SWEET-like genes of Malus domestica
These gene sequences are from the GenBank assembly project PRJNA339703 in NCBI. But the
project consists of primary assembly and the names are not uniformed. Considering the
consistency with former researches, I chose to use the name from Malus x domestica GDDH13
Whole Genome v1.1 database. The no newer phylogenetic tree after discussion with
supervisors.
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