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Sucrose accumulation in sweet sorghum
stems occurs by apoplasmic phloem unloading
and does not involve differential Sucrose
transporter expression

Saadia Bihmidine1, R. Frank Baker1,2, Cassandra Hoffner1,3 and David M. Braun1*
Abstract

Background: Sorghum (Sorghum bicolor L. Moench) cultivars store non-structural carbohydrates predominantly as
either starch in seeds (grain sorghums) or sugars in stems (sweet sorghums). Previous research determined that
sucrose accumulation in sweet sorghum stems was not correlated with the activities of enzymes functioning in
sucrose metabolism, and that an apoplasmic transport step may be involved in stem sucrose accumulation.
However, the sucrose unloading pathway from stem phloem to storage parenchyma cells remains unelucidated.
Sucrose transporters (SUTs) transport sucrose across membranes, and have been proposed to function in sucrose
partitioning differences between sweet and grain sorghums. The purpose of this study was to characterize the key
differences in carbohydrate accumulation between a sweet and a grain sorghum, to define the path sucrose may
follow for accumulation in sorghum stems, and to determine the roles played by sorghum SUTs in stem sucrose
accumulation.

Results: Dye tracer studies to determine the sucrose transport route revealed that, for both the sweet sorghum
cultivar Wray and grain sorghum cultivar Macia, the phloem in the stem veins was symplasmically isolated from
surrounding cells, suggesting sucrose was apoplasmically unloaded. Once in the phloem apoplasm, a soluble tracer
diffused from the vein to stem parenchyma cell walls, indicating the lignified mestome sheath encompassing the
vein did not prevent apoplasmic flux outside of the vein. To characterize carbohydrate partitioning differences
between Wray and Macia, we compared the growth, stem juice volume, solute contents, SbSUTs gene expression,
and additional traits. Contrary to previous findings, we detected no significant differences in SbSUTs gene
expression within stem tissues.

Conclusions: Phloem sieve tubes within sweet and grain sorghum stems are symplasmically isolated from
surrounding cells; hence, unloading from the phloem likely occurs apoplasmically, thereby defining the location of
the previously postulated step for sucrose transport. Additionally, no changes in SbSUTs gene expression were
detected in sweet vs. grain sorghum stems, suggesting alterations in SbSUT transcript levels do not account for the
carbohydrate partitioning differences between cultivars. A model illustrating sucrose phloem unloading and
movement to stem storage parenchyma, and highlighting roles for sucrose transport proteins in sorghum stems is
discussed.
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Background
The human population is projected to reach over nine
billion people by 2050; hence, crop productivity for
food and energy security must be substantially in-
creased to provide for the expected demand [1–3]. Be-
cause little additional arable land will be available for
expanded crop cultivation, these increases will need to
be derived from improved crop performance. Some of
the agricultural increases could be provided by better
management practices, improved abiotic and biotic
stress tolerance to prevent crop loss, and enhanced de-
livery of assimilates into storage organs to increase
yield. However, for many crops, the pathways followed
by photoassimilates from their sites of synthesis to their
deposition in storage tissues are not well defined.
Within this context, carbohydrates stored in the seeds
of grasses provide the majority of humanity’s daily cal-
oric intake. Additionally, renewable sources of energy
derived from plant biomass are being developed by
using soluble sugars stored in the stems of sweet sor-
ghum (Sorghum bicolor L. Moench) and sugarcane
(Saccharum officinarum L.), or those converted into
lignocellulose in the stems of bioenergy sorghums,
switchgrass (Panicum virgatum L.), and Miscanthus x
giganteus [4–11]. Hence, strategies to improve nutrient
delivery to harvested organs for food, feed, fiber, and
fuel uses hinge upon the transport routes for photoassi-
milates, and the transporters involved in long-distance
allocation [12–14].
Carbohydrate partitioning is the process by which

photoassimilates are distributed throughout the plant
from their sites of synthesis in leaves to their incorpor-
ation into storage products, such as in fruits, seeds, tu-
bers, and stems [9, 15–22]. In most crop plants, sucrose
is the soluble carbohydrate that is transported from
photosynthetic leaves to non-photosynthetic tissues,
which import this fixed carbon for utilization and stor-
age. Tissues such as leaves that export fixed carbon are
termed sources, whereas tissues that import and store
carbohydrates are referred to as sinks. Transport of as-
similates through the plant occurs in the phloem tissues
of veins [23, 24]. The rate of phloem transport of assimi-
lates can be controlled at either the source or sink tis-
sues, depending upon the developmental stage of the
plant and the environment [24, 25]. The differential cap-
acity of distinct sink tissues to compete for the import
and utilization of photoassimilates, also known as sink
strength, can control phloem transport and allocation of
carbohydrates [26–29].
Within the source tissues, the loading of sucrose into

the phloem can involve either symplasmic or apoplasmic
pathways [21, 30]. In symplasmic loaders, sucrose dif-
fuses directly between cells and into the sieve element/
companion cell complexes of the phloem through
plasmodesmata, connections that link the cytoplasm be-
tween cells. In apoplasmic loaders, sucrose can move
symplasmically between cell types, but is ultimately
exported into the extracellular space (the apoplasm) of
the phloem prior to subsequent uptake across the
plasma membrane of the sieve element/companion cell
complexes. With the possible exception of rice (Oryza
sativa L.), which has been suggested may use symplas-
mic phloem loading [31, 32], but see [12], the path for
sucrose entry into the phloem in the leaves of grasses
such as sugarcane, maize (Zea mays L.), wheat (Triticum
aestivum L.), and barley (Hordeum vulgare L.), is pro-
posed to occur by apoplasmic phloem loading [33–37].
Apoplasmic phloem loading requires multiple classes

of sucrose transport proteins for sucrose to traverse cell
membranes. Sucrose transporters (SUTs) are H+/sucrose
symporters that use the energy stored in the proton
motive force to transport sucrose across a membrane.
Phylogenetic analyses have divided the SUTs into mul-
tiple groups or types [38–42]. Different family members
have been proposed to function on the plasma mem-
brane to load sucrose into the phloem [15, 39], or on the
tonoplast to transport sucrose from the vacuole into the
cytoplasm [43–45]. SWEETs are another class of sugar
transport proteins, and they have been proposed to func-
tion as uniporters that facilitate the movement of sugars
down a concentration gradient, with clade III members
transporting sucrose across membranes [46–50]. Tono-
plast sugar transporters (TSTs, also called tonoplast
monosaccharide transporters) are a third class of sucrose
transport proteins, and they function as H+/sucrose anti-
porters to transport sucrose into the vacuole [51, 52].
SUTs, SWEETs, and TSTs are all thought to play im-
portant roles in carbohydrate partitioning and storage in
food and fuel crops [9, 13, 15, 17, 26, 48, 50, 52, 53].
Once entered into the phloem, sucrose is transported

long-distance to sink tissues via bulk flow [28, 54, 55].
Depending on the plant, tissue, and developmental stage,
sucrose can exit the phloem either symplasmically or
apoplasmically [12, 24, 54, 56, 57]. If sucrose follows a
symplasmic route, it can move out from the phloem
sieve tube through plasmodesmata into the adjacent
cells. Sucrose accumulation within sugarcane stem inter-
nodes has been suggested to utilize a symplasmic
phloem unloading pathway followed by post-phloem su-
crose movement through plasmodesmata to storage
within stem parenchyma cells [26, 58–60]. Alternatively,
if an apoplasmic path is used, sucrose must be effluxed
across the sieve tube plasma membrane prior to uptake
from the apoplasm into adjacent cells, such as in the
maize and sorghum grain [26, 61, 62].
Grain sorghum is an important staple crop in Africa

and China that stores carbohydrates as starch in the seed
[63–65]. Sweet sorghum is a different variety that has
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been selected to store large quantities of soluble sugars
(mostly sucrose) in the stem, and has been advanced as
a valuable feedstock for producing ethanol from plants
[5, 9, 66]. Sweet and grain sorghums are genetically
closely related and are both classified as S. bicolor. Popu-
lation genetic analyses have found that sweet vs. grain
sorghum distinctions, while useful for breeding and
phenotypic classification, are not distinguishable along
racial subtypes by molecular markers [67–70]. Nonethe-
less, the different terminal sink tissues and storage forms
for carbohydrate deposition in grain vs. sweet sorghums
makes them an ideal comparative system to study the
genes and processes controlling carbohydrate partition-
ing in grasses [71–75].
Previous research investigating sucrose accumulation in

sweet sorghum stems found that sucrose accumulation
began at the start of the reproductive phase, and that the
activities of sucrose metabolizing enzymes were not corre-
lated with sucrose concentration [76]. Further studies de-
termined that sucrose accumulation could begin pre-
reproduction in some sweet sorghum cultivars, but again
found no correlation with the activities of enzymes in-
volved in sucrose metabolism [77]. Based on these data,
the authors of both studies suggested that transport of su-
crose into the stem parenchyma likely underpinned stem
sucrose accumulation patterns. Consistent with the lack of
correlation to the activities of sucrose catabolic enzymes,
additional investigations suggested that sucrose could be
taken up directly into mature sweet sorghum stem paren-
chyma cells without first being cleaved into hexoses and
resynthesized [78, 79]. Using asymmetrically radiolabeled
sucrose infused into mature sorghum stems, it was also
reported that sucrose movement in mature internodes in-
cluded an apoplasmic transport step [79], implicating the
function of sucrose transport proteins.
The sorghum genome contains six SUT genes [39].

SbSUT2 is a member of the group 4/type III clade and is
predicted to be localized to the tonoplast. The other five
sorghum SUTs are predicted to be localized to the plasma
membrane and belong to groups 1, 3, or 5/type II. SbSUT1
is orthologous to, and likely has a conserved function
with, the maize ZmSUT1 gene, which has been shown by
expression, biochemical activity, and genetic analyses to
function in sucrose phloem loading [80–84]. The func-
tions of the other sorghum SUT genes remain unknown.
From expression studies, SbSUTs are broadly expressed in
both sink and sources tissues, with different family mem-
bers showing distinct expression patterns [75, 85, 86]. In
comparing SbSUT expression levels between grain and
sweet sorghum tissues, differences have been reported for
all genes, with the exception of SbSUT3, whose expression
has not been detected. Whether these expression differ-
ences contribute to differences in carbohydrate partition-
ing between grain and sweet sorghum is unknown.
In this study, we used a combination of morphological,
biochemical, photosynthetic, cell biological, and gene ex-
pression studies to understand the major differences be-
tween sweet vs. grain sorghum in regards to whole-plant
carbohydrate partitioning, the transport path of sucrose
in the stem, and the roles of SbSUTs in stem sucrose ac-
cumulation. To accomplish these aims, we compared a
high biomass sweet sorghum cultivar, Wray, which pro-
duces a tall stem containing large quantities of soluble
sugars as the principal stored form of carbohydrate, with
a grain sorghum cultivar, Macia, which is shorter, but
produces a large panicle with many seeds storing starch.
The cultivar Wray was developed to have very high
sugar content in the stem [68], whereas the cultivar
Macia was developed for high grain yield and has been
sequenced [87, 88]. These cultivars were selected for the
current study because 1) they have been used in multiple
other reports [68, 70, 89], and therefore have ample
background information, and 2) they are highly diver-
gent at the phenotypic level, and hence, might differ in
the control of carbohydrate partitioning. In particular,
we investigated SbSUT expression patterns to ascertain
whether any of these genes might correlate with sugar
accumulation in sweet sorghum stems. Based on our
data, a model is proposed for the pathways for sucrose
movement into sorghum stem storage parenchyma cells
and the possible roles for different sucrose transport
proteins.

Results
Whole-plant phenotype, biomass, and yield
measurements
To understand how and when Macia and Wray differ
in terms of growth, yield, and carbohydrate allocation,
we characterized plant growth, anthesis, biomass accu-
mulation, and the total solutes in the stem juice, which
is composed primarily of apoplasmic fluid, cytoplasm,
and vacuolar sap, at multiple stages throughout their
lifecycle. The early seedling growth of Macia and Wray
appeared very similar (Fig. 1a). However, a number of
morphological differences between the two cultivars
emerged over time (Fig. 1b, c, and Additional file 1:
Table S1). Beginning in the late vegetative stage (after
43 days after planting (DAP)), Wray developed taller
stems as compared to Macia, with the difference in
plant height increasing and being maintained through-
out the season (Fig. 1b, c). In association with the in-
creased stem height, Wray flowered an average of five
days later than Macia (Fig. 1c). Additionally, Wray pro-
duced higher stem biomass compared to Macia (Fig. 2).
Specifically, the total fresh and dry weight of the main
stem collected at harvest was significantly higher in
Wray than Macia (Fig. 2d). With the exception of the
top one to two internodes, this difference was also
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Fig. 1 Comparison of the growth of grain (cv. Macia) and sweet (cv. Wray) sorghum plants. A side-by-side comparison of plants collected from
the field at the early vegetative stage (a). Plants at maturity (b). A graph of the height of Macia and Wray plants measured in cm at different days
after planting (c). Values are means ± SE of N = 10 plants, an asterisk indicates significantly different means between the two lines at p≤ 0.05, and
the arrows indicate the anthesis time for each line. Macia = black squares, and Wray = white squares
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reflected for each individual internode (Fig. 2b, c).
Internode weights from Macia and Wray showed about
a two-fold and nine-fold variation, respectively. Al-
though Wray showed a significant increase in stem bio-
mass, Macia displayed shorter but thicker stems
(Fig. 2a, e, f ). However, apart from the top two inter-
nodes, the significantly greater length of most of the in-
ternodes in Wray contributed more to the mass per
internode than the greatly increased stem thickness in
Macia (Fig. 2a-c, e, f ). Therefore, Wray outperformed
Macia at the level of biomass accumulation, as would
be predicted for a sweet sorghum cultivar.
As expected for a grain cultivar, a higher grain yield

was observed for Macia as compared to Wray (Fig. 3).
Although Wray produced higher numbers of panicles
per main stem (Fig. 3c), Macia produced larger and
heavier panicles (Fig. 3a, d), larger seeds (Fig. 3b),
higher total seed weight (Fig. 3e), and greater total seed
number (Fig. 3f ) on the main panicle. Thus, compared
to Wray, Macia deposited greater amounts of fixed car-
bon in the panicle, which were ultimately stored in the
seeds.
Wray accumulates greater amounts of sugar in the stem
than Macia
Because the stem represents a strong sink for non-
structural carbohydrates, we analyzed the total solute ac-
cumulation in Macia and Wray internodes, as measured
in percent Brix. As shown in Fig. 4 and Additional file 2:
Figures S1 and Additional file 3: Figure S2, Wray accu-
mulated substantially higher Brix content compared to
Macia at the whole-plant level, and also per internode
for the great majority of internodes at most time points.
At anthesis, the Brix content of the lowest internode
(IN1) was not significantly different between the two
cultivars. However, Wray displayed significantly higher
Brix percentages in all of the other internodes (Fig. 4a).
At maturity, Wray had accumulated approximately
double to triple the Brix percentages in all internodes
compared to Macia, with IN three to six exhibiting the
highest amounts (Fig. 4c). Measurements of stem juice
volume revealed that in Wray, the total volume did not
change from anthesis to maturity, while in Macia, there
was an increase of 37 % in the stem juice volume
(Fig. 4b, d). However, despite the increase in stem juice
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Fig. 2 Differences in stem biomass parameters between Macia and Wray plants. Individual internode number and length in cm (a). Individual
internodes fresh weight (b). Individual internodes dry weight (c). Total stem fresh and dry weight (d). Stem circumference measured in mm at
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volume for Macia, Wray stems exhibited approximately
six to nine-fold higher juice volume than Macia. Hence,
overall, the total solute accumulation was significantly
higher in Wray stems compared with Macia.

Sorghum stem phloem tissues are symplasmically
isolated from surrounding storage parenchyma cells
The path that sucrose follows from the source leaves to
storage within the stem sink tissues has not been con-
clusively determined for sorghum. To discern the path
by which sucrose moves from the stem phloem to the
storage parenchyma cells, we performed dye-loading
studies using the phloem mobile dye carboxyfluorescein
(CF). The membrane permeable, non-fluorescent diace-
tate form, CFDA, was applied to source leaves. Upon en-
tering a cell, CFDA is converted into the fluorescent,
membrane impermeable CF tracer, which is confined to
the symplasm. The tip of leaf three or four, counting
down from the panicle, was fed the CFDA solution for
one hour. Plants were harvested after an additional five
hours to allow the translocation of CF through the
phloem into the stem tissues. If sucrose could follow a
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symplasmic path through plasmodesmata out of the
phloem sieve tube into the stem parenchyma cells, we
anticipated CF would likewise move along this route,
and therefore be detected in the cytoplasm of the paren-
chyma cells. On the other hand, if the sucrose must be
exported into the apoplasm across the sieve tube plasma
membrane prior to entering into the parenchyma cells,
we would anticipate that CF, a xenobiotic compound
that presumably lacks endogenous transporters, would
remain confined to the sieve tube. Examination of free-
hand cross-sections of stem veins from both Wray and
Macia showed that CF was detected strongly within the
phloem cells (Fig. 5a, b). As shown by UV illumination,
which outlines cellular anatomy through cell wall auto-
fluorescence (Fig. 5d, e), the CF-containing cells were
clearly identifiable as phloem cells. No CF signal was de-
tected within the symplasm of the stem parenchyma
cells, and only very slight CF signal was observed in
their cell walls (Fig. 5a, b). This slight signal did not ap-
pear to result from CF localization within the cells, but
more likely, the CF signal arose from within the phloem
tissue, refracting through the cell walls of the stem, as
well as potentially from CF being released from the
phloem and contaminating the adjacent tissues during
sample preparation. Hence, the signal appeared to be
phloem specific. Control sections from plants not fed
CFDA showed only weak autofluorescence from the cell
walls of the xylem and the mestome sheath cells
surrounding the vein (Fig. 5c, f ). These data indicate that
the sorghum stem phloem tissue is symplasmically iso-
lated from the surrounding cells for both Wray and
Macia, and hence, that the path of sucrose movement
from the stem phloem to the storage parenchyma cells
requires an apoplasmic transport step.
To assess the ability of solute to move from the vein

apoplasmic space to the storage parenchyma, Wray and
Macia plants were fed from the base with safranin, a water
soluble dye that stains lignin (Fig. 6). Safranin was initially
detected in the cell walls of the xylem elements and those
of the directly adjacent xylem parenchyma cells, as indi-
cated by the red coloration under bright-field (Fig. 6a;
arrowhead) and by red fluorescence under green light
(Fig. 6c). Cellular anatomy within the region can be seen
by the cell wall autofluorescence under UV illumination
(Fig. 6b). Safranin also showed some fluorescence under
UV light. With increased diffusion through the apoplasm,
safranin was subsequently present throughout the cell
walls of the xylem and was also detectable in the cell walls
of the phloem cells adjacent to the xylem (Fig. 6d-f). Saf-
ranin eventually was present in all cell walls throughout
the vein, and importantly, could be detected throughout
the cell walls of the stem storage parenchyma cells outside
of the vein (Fig. 6g-i). The red coloration and fluorescence
were not observed in the control vein not fed safranin
(Fig. 6j-l). The same apoplasmic distribution of safranin
from the vein to the storage parenchyma cells was seen in
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Macia internodes (Fig. 6m-o). We observed no differences
in dye transport studies comparing Wray and Macia, sug-
gesting that any differences in sucrose accumulation be-
tween these cultivars is not likely due to differences in the
unloading pathway used. Collectively, the CF and safranin
dye transport studies suggest that for sucrose to move
from the phloem to the stem storage parenchyma cells,
sucrose must be effluxed across the sieve element plasma
membrane, after which sucrose is able to diffuse within
the apoplasm to the stem storage parenchyma cells, where
it could be imported into the symplasm by a sugar
transporter.

Expression patterns of SbSUTs in mature leaf and stem
tissues were generally similar between Macia and Wray
Based on the results from the dye transport studies, we
set out to investigate whether the SbSUT genes showed
expression differences in the leaves and stems between
Macia and Wray by quantitative RT-PCR (Fig. 7). Inter-
estingly, we found that the overall expression pattern
was similar in both cultivars and tissues, with SbSUT3,
SbSUT5, and SbSUT6 showing the lowest expression of
the six genes. The Cq values calculated for these three
genes were all above 31 (Additional file 4: Table S2).
High Cq values indicate that gene expression levels are
quite low, and this in turn causes high variation in ac-
curately measuring expression and reduces the reprodu-
cibility of results [90–92]. Because the expression levels
of SbSUT3, SbSUT5, and SbSUT6 were exceedingly low
in both cultivars and tissues, the subsequent analyses
focused only on the relative expression levels of
SbSUT1, SbSUT2, and SbSUT4, which were expressed
in these tissues at appreciable and readily quantifiable
levels (Additional file 4: Table S2).
In Macia, the expression of SbSUT2 was similar to

SbSUT1 in mature leaves, but was significantly increased



BA

D E

WrayMacia

CF

Macia
(unfed control)

UV

C

F

Phloem

Xylem

Fig. 5 CF localization in stems of Macia and Wray plants fed CFDA from a source leaf. CF localized to the phloem tissue in the stem vasculature
of Macia (a) and Wray (b). Control section from a Macia plant not fed CFDA (c). Only weak autofluorescence was detected. UV images of same
sections to show cellular anatomy (d-f). Scale bar = 100 μm

Bihmidine et al. BMC Plant Biology  (2015) 15:186 Page 8 of 22
relative to SbSUT1 in the stem (Fig. 7a, b). Meanwhile,
the expression of SbSUT4 was significantly lower than
that of SbSUT1 in both tissues. Similarly, in Wray, the
expression of SbSUT2 was significantly higher than that
of SbSUT1 and SbSUT4 in both tissues, and that of
SbSUT4 was significantly lower than SbSUT1 in stem
but not leaf tissues. These data suggest that SbSUT1,
SbSUT2, and SbSUT4 may play roles in sucrose phloem
loading in leaves and retrieval in stems (Fig. 7c, d). On
the other hand, the relative expression of SbSUT1 in
both mature leaf and stem tissues was not significantly
different between the two cultivars (Fig. 8a). Further,
while the relative expression in the stem tissues of
SbSUT2 and SbSUT4 was not different between the two
cultivars, their expression was significantly higher in leaf
tissue in Wray compared to Macia (Fig. 8b, c). In sum-
mary, no changes in expression levels in SbSUT1,
SbSUT2, or SbSUT4 were detected between Wray and
Macia stem tissues, or for SbSUT1 in mature leaf tissues,
suggesting that differences in their expression at the
RNA level do not contribute to differences in sucrose al-
location. However, SbSUT2 and SbSUT4 displayed 2 to
2.5-fold higher expression in Wray mature leaf tissues
relative to Macia, consistent with the hypothesis that
these genes may play a role in sucrose partitioning and
export differences between sweet and grain sorghum
source leaves.

Wray displays higher photosynthetic performance than
Macia
The large differences in plant biomass, stem juice vol-
ume and Brix percentage, seed production, and time to
anthesis indicate that the two sorghum cultivars employ
different strategies for whole-plant carbohydrate parti-
tioning. One possible contributor to this difference could
be an increase in source strength of Wray compared to
that of Macia. To investigate this hypothesis, we mea-
sured a number of photosynthesis-related parameters
and compared them between the two cultivars (Fig. 9,
Additional files 5: Figure S3, Additional file 6: Figure S4
and Additional file 7: Table S3). Wray and Macia leaf net
photosynthesis (Anet), stomatal conductance (gs), and in-
stantaneous water use efficiency (iWUE) were assayed
(Fig. 9). The only significant difference between Wray
and Macia in Anet, was seen at 77 DAP, with Wray hav-
ing a higher rate than Macia (Fig. 9a). Similarly, stomatal
conductance was not significantly different between the
varieties at 43 and 77 DAP, but Macia showed higher
values at 82 and 91 DAP compared to Wray (Fig. 9b).
The significant increase in stomatal conductance in
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(See figure on previous page.)
Fig. 6 Safranin localization in a stem vein of Wray and Macia at post-anthesis. a-l correspond to Wray tissues, and m-o correspond to Macia tis-
sues. Left, middle, and right columns represent transverse cross-sections of veins shown under bright-field, UV, and green light, respectively. Each
row represents a single vein under the different types of illumination. Safranin was first detected in the walls of the xylem elements and adjacent
xylem parenchyma cells, as indicated by the red coloration under bright-field (a; arrowhead) and by red fluorescence under green light (c). The
safranin also showed some degree of fluorescence under UV illumination (b). Safranin was subsequently present throughout the cell walls of the
xylem and was also detectable in the cell walls of the phloem adjacent to the xylem (d-f). Safranin eventually was observed in the cell walls
throughout the vein and in the cell walls of the surrounding parenchyma cells (g-i). Control vein not fed safranin (j-l). The same distribution of
safranin was observed for a Macia stem vein (m-o). Scale bar = 100 μm
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Macia was probably due to the significant increase in
the number of stomata compared to Wray (Additional
file 5: Figure S3). The increase in gs was reflected in the
decrease in iWUE of Macia (Fig. 9c). It is worth noting
that because anthesis occurs at different times between
the two cultivars (Fig. 1c), at 77 DAP, Wray was still at
the vegetative stage while Macia was at anthesis. How-
ever, by analyzing the data at the comparable develop-
mental stage, there were no differences between the two
lines at the vegetative stage, but Wray displayed higher
Anet rates at both anthesis and at soft-dough stages
(Fig. 9d). There were no differences between the culti-
vars in photosynthetic rate in response to different light
levels (Additional file 6: Figure S4) or in the maximum
photochemical efficiency of photosystem II (Additional
file 7: Table S3). Overall, our results indicate that Wray
exhibited higher leaf photosynthetic performance after
anthesis compared to Macia, and this difference in leaf
source strength could play a role in the observed in-
crease in biomass accumulation, stem juice volume, and
Brix percentage exhibited by Wray.

Discussion
Macia and Wray exhibited pronounced differences in
their growth habits and carbohydrate partitioning pat-
terns. We examined plant height, time to flowering,
stem juice volume, Brix percentage, solute transport
paths within mature stem tissues, SbSUT expression,
and other attributes to understand the physiological and
molecular differences in biomass and solute accumula-
tion between Wray and Macia. Principally, we wanted to
define the key parameters underlying how sweet sor-
ghum accumulates high amounts of sugar in the stem,
and to test the hypothesis that differences in SbSUT gene
expression levels are responsible for the differential
sugar accumulation in sweet vs. grain sorghum.
Wray and Macia differed for several traits related to

stem biomass, juice volume, and solute content. Wray
had a longer vegetative growth phase, with a concomi-
tant expanded source strength, and showed an in-
creased number of stem internodes. Internodes in
Wray were significantly longer than those in Macia,
and accounted for the differences in plant height be-
tween the cultivars. Although Macia had a shorter,
more compact stature, it possessed thicker internodes,
likely to support the greater weight of the panicle. The
internodes in Wray were also significantly heavier than
those in Macia in regards to both fresh and dry weights.
The longer and heavier internodes of Wray contributed
more to a higher juice volume of the stem compared to
the shorter and wider internodes of Macia. Interest-
ingly, in the comparisons of the Brix percentage and
juice volume over developmental time, Macia showed
only a small increase in juice volume and no changes in
Brix values between anthesis and physiological matur-
ity, reflecting the partitioning of carbohydrates to the
panicle. Wray also showed no change in juice volume
during this time period. However, Wray showed a
highly significant increase in Brix percentages between
anthesis and physiological maturity, indicating in-
creased carbohydrate partitioning to the stem. Overall,
on a per plant basis, Wray exhibited an approximately
24-fold greater abundance of stem solutes than Macia
(~six-fold greater Brix levels multiplied by ~ four-fold
more juice per stem). Hence, these data suggest that
Wray accumulates higher stem solutes than Macia
through a combination of increased internode number
and length, higher juice volume per internode, and a
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greater sugar content per internode that occurs because of
significant increases in sugar content during maturity,
with the final component contributing the greatest effect.
Superior photosynthesis-related parameters may account
for greater solute accumulation in Wray’s stems
Photosynthesis, the biochemical process that drives car-
bon fixation in source leaves, could be one of the
mechanisms underlying the striking differences in the
abundance and partitioning of carbohydrates between
Wray and Macia. Under optimal growth conditions, as
shown by elevated CO2 concentration experiments, en-
hancing photosynthesis results in increased carbon sup-
ply and subsequent enhanced growth [27, 93–96].
Thus, the increased concentration of sugars in the
Wray stem could be due, at least in part, to increased
source strength compared to Macia. To test this hy-
pothesis, we evaluated a number of photosynthesis-
related parameters at different DAP and at different de-
velopmental stages. At the vegetative stage, there was
no difference in the photosynthetic performance be-
tween Wray and Macia. The maximum photochemical
efficiency of Photosystem II, net photosynthesis, and re-
sponse of photosynthesis to increasing light intensity
were also similar between the two cultivars. In contrast,
with the start of the reproductive stage, Wray displayed
higher rates of photosynthesis, reflecting a stronger
source capacity that probably resulted in increased car-
bon availability and export to sink (stem) tissues. At 77
DAP, Wray stems started to accumulate higher concen-
tration of solutes compared to Macia, with the excep-
tion of the top internode (Additional file 3: Figure S2).
This increase could be attributable to the 21 % higher
rates of photosynthesis in Wray compared to Macia.
Measurements of photosynthesis at later dates did not
show any differences between the two cultivars; how-
ever, a comparison of the plants at the same develop-
mental stages revealed that Wray had an 11.7 % and
12.6 % higher rate of photosynthesis than Macia at the
anthesis and soft-dough stages, respectively. Because of
the high concentration of solutes in Wray stems, the in-
creased photosynthesis in this cultivar might indicate a
reduced sensitivity to feedback inhibition of photosyn-
thesis by sugars, and/or an increased rate of sucrose ex-
port from the leaves [26, 97, 98]. The greater
expression of SbSUT2 and SbSUT4 in Wray leaves
could contribute to an increased rate of sucrose export
(see below).
When Wray and Macia were measured at different

DAP, the highest differences in solute concentration be-
tween the two cultivars occurred at 82 and 91 DAP.
However, no differences in leaf photosynthesis were de-
tected between the two cultivars at these time points.
Interestingly, Wray displayed a significantly lower num-
ber of stomata on both leaf epidermal surfaces, causing
decreased rates of stomatal conductance and thereby
resulting in an increased iWUE. Hence, the differences
in solute concentration in Wray stems could be
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attributable to the increased iWUE resulting in higher
water availability for transport and storage of solutes.
This increase is probably the largest contributor to the
approximately six to ten-fold increased stem juice vol-
ume in Wray compared to Macia.
At all time points analyzed, Wray showed a statisti-

cally increased iWUE compared with Macia. From 43
DAP onwards, Wray also began to exhibit increased
plant height and biomass. It would be interesting to
monitor the growth of the root system in Wray and
Macia over the growing season to determine if the dif-
ferences in shoot biomass are mirrored by increased
root biomass in Wray, which would be consistent with
the hypothesis of greater source strength and increased
carbon allocation to the roots. If so, the greater stem
juice volumes measured in Wray may be explained at
least partly by greater water uptake from the soil by a
larger root system and a higher iWUE. A corollary of
this idea is that a greater root mass in Wray necessi-
tates greater sucrose export from the leaves to deliver
sufficient fixed carbon to the roots to elaborate the lar-
ger root system. Coupled with the 24-fold higher sugar
content in the stem, these data would suggest that
Wray has much higher source strength than Macia. On
the other hand, if Macia had the larger root system, it
would reveal that it allocates a greater amount of car-
bon belowground, and that changes in root:shoot parti-
tioning may help explain the differences in carbon
allocation between the cultivars.

Dye transport studies and the path of sucrose movement
in sorghum stems
Sweet sorghum stems store vast amounts of soluble
sugars within the storage parenchyma cells; however,
the path that sucrose follows from the phloem to the
terminal sink tissues is not known. Previous research
examining sucrose catabolizing enzyme activities and
stem-infused radioactive sucrose accumulation patterns
found evidence that sucrose may initially follow a sym-
plasmic path into a growing internode, but later at ma-
turity switches to include an apoplasmic transport step,
although its location along the transport path was not
defined [76, 77, 79]. To characterize the route of su-
crose movement, we performed dye transport studies,
examining elongated internodes at the stage when su-
crose begins to significantly accumulate within stems.
Loading CF into the phloem of source leaves, and mon-
itoring its location after transport into stem tissues, we
determined that CF is confined to the phloem sym-
plasm. This result suggests that the phloem sieve tubes
in sorghum stems are symplasmically isolated from the
surrounding cells, and that sucrose does not diffuse out
of the phloem via plasmodesmata into adjacent cells.
Hence, this implies that sucrose must be exported
across the sieve element plasma membrane, and there-
fore, that phloem unloading in mature sorghum stem
tissues occurs apoplasmically.
The hypothesized path for sucrose movement in sor-

ghum stems contrasts with the proposed route for su-
crose transport in sugarcane internodes, whereby
sucrose unloads from the phloem symplasmically and
moves entirely through the symplasm via plasmodes-
mata to the storage parenchyma cells [26, 58–60]. Sugar-
cane and sorghum are closely related grasses within the
Andropogoneae tribe, and are thought to have diverged
from a common ancestor approximately 10 million years
ago [99]. Hence, it is somewhat surprising that the path
for sucrose phloem unloading would be different be-
tween them, although it must be kept in mind that both
are domesticated crops that have undergone strong se-
lection for sugar accumulation; therefore, it is possible
that strong selection pressures could have resulted in
sugarcane using symplasmic phloem unloading to accu-
mulate sugars to high levels within the stem, whereas
sweet sorghum may have been selected to use apoplas-
mic phloem unloading to facilitate sugar accumulation
in stems. It would be interesting to investigate the path-
way of sucrose phloem unloading in grasses related to
the common ancestor of sugarcane and sorghum that do
not hyperaccumulate sucrose in their stems to under-
stand the evolution of this trait.
To determine the path that sucrose could take once

released into the phloem apoplasm in sorghum stems,
we monitored the movement of safranin transport
through the xylem. The xylem transpiration stream and
the phloem apoplasm are continuous [100–102]; hence,
safranin movement from the xylem shows where sol-
utes in the phloem apoplasm are able to diffuse. We
observed that safranin was able to diffuse through the
cell walls of the stem vein to the apoplasm of the stor-
age parenchyma cells. This indicates that sucrose could
diffuse from the phloem apoplasm directly to the stor-
age parenchyma cells, and that sucrose uptake and
symplasmic transport are not required for sucrose to
reach the storage parenchyma. Upon reaching the par-
enchyma cells, sucrose may be imported into the cells
and stored within the vacuole [78]. The safranin move-
ment data suggest that the lignified/suberized cell walls
of the mestome sheath surrounding the vein are not an
absolute barrier that prevents solute diffusion in sor-
ghum. Similarly, it was previously reported that water,
lanthanum, and ferrous ions were able to diffuse along
the compound middle lamella of the suberized/lignified
radial cell walls of the bundle sheath cells within a
maize leaf, demonstrating a path for transpirational
water movement from the xylem out to the mesophyll
and epidermal cells [100]. This suggests that solutes
such as sucrose within the apoplasmic fluid of sorghum
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veins could potentially move via the middle lamella of
mestome sheath cell walls from the phloem apoplasm
to the apoplasm of the stem parenchyma cells without
entering the symplasm, thereby alleviating the need for
SUT function.

Proposed functions of SbSUTs in leaves and stems
From qRT-PCR expression experiments, we determined
that SbSUT1, SbSUT2, and SbSUT4 are expressed in ma-
ture leaves and internodes, whereas SbSUT3, SbSUT5,
and SbSUT6 are expressed at very low levels in these tis-
sues. These data suggest that SbSUT3, SbSUT5, and
SbSUT6 unlikely have a major function in sucrose
phloem loading in source leaves or sucrose partitioning
in stems. Our findings on SbSUT3 are similar to the un-
detectable expression observed for this gene in various
tissues, as previously reported [75, 85, 86]. Likewise,
Qazi et al. and Milne et al. did not detect the expression
of SbSUT5 in internodes and source leaves, respectively,
while Shakoor et al. observed only very low SbSUT5 ex-
pression across multiple sweet and grain sorghum tis-
sues throughout development. Of interest, the present
results for SbSUT5 and SbSUT6 differ in several respects
from a previous report by Milne et al. [85]. These au-
thors reported that SbSUT5 was expressed in elongated
stems at anthesis and suggested it might function in su-
crose phloem unloading or retrieval within this organ.
They also reported that SbSUT6 was expressed in source
leaves and only at low levels in elongated internodes,
and suggested it might perform sucrose phloem loading
in leaves. Several possibilities might explain the minor
differences in gene expression (low vs. undetectable) and
the few discrepancies between the present findings and
those of previous studies. First, the sweet and grain sor-
ghum cultivars accessed by Qazi et al., Milne et al., and
Shakoor et al. are different from those analyzed in the
present report. Hence, genotypic differences between
our lines and their lines could account for the SbSUT
expression differences [75, 85, 86]. Second, we collected
mature leaf and stem tissues from field-grown plants,
while other studies used glasshouse-grown plants. Thus,
environmental differences might also partly explain the
differing results [85, 86]. Milne et al. was the only other
study that used qRT-PCR to measure SbSUTs gene ex-
pression. Unfortunately, these authors did not report the
Cq values, and therefore it is possible that the raw ex-
pression levels were similar between the two studies, but
that the values in the present study were considered to
be below the threshold for biological significance. We
recognize that from whole-tissue measurements, it is im-
possible to determine whether a gene may be highly
expressed and function in a limited number of cells
within a tissue, which could result in a high Cq value.
Future genetic experiments to determine the biological
functions of these SbSUTs through characterizing loss-
of-function mutant plants are required to ascertain if
these genes play a significant role in sucrose partitioning
in sorghum leaves and stem tissues.
Based on their expression levels, SbSUT1, SbSUT2,

and SbSUT4 are thought likely to have biological roles in
mature leaves and stem tissues. All three of these genes
were more highly expressed in Wray than in Macia
leaves, with statistically significant differences observed
for both SbSUT2 and SbSUT4. Although all three genes
were also more highly expressed in Macia than in Wray
stems, the differences were not statistically significant.
These results suggest that differences in the expression
of SbSUT2 and SbSUT4, but not SbSUT1, could contrib-
ute to differences in sucrose phloem loading in mature
leaf tissues between Wray and Macia, whereas these
three genes probably do not contribute to differences in
stem sucrose partitioning, at least based on RNA expres-
sion levels.
Our expression data for these three genes show some

differences with previous findings. Unfortunately, be-
cause of confusing nomenclature, the genes we refer to
as SbSUT2 and SbSUT4, based on homology with the
rice sequences [39], are inversely named in the Qazi
et al. and Milne et al. references. For clarity in making
comparisons between the data, we refer to these genes
using our naming scheme (see Additional file 8: Table S4
for gene accession numbers). Because Qazi et al. did not
perform qRT-PCR, we cannot directly compare their ex-
pression data with the present results. However, based
on 35 cycles of RT-PCR, these authors reported that
SbSUT1 and SbSUT2 had modestly lower expression in
the internodes of their sweet sorghum variety compared
with the grain sorghum during the early grain filling
stage. No differences were observed in SbSUT4 expres-
sion. Meanwhile, Milne et al. found that SbSUT1 was
substantially more highly expressed in source leaves and
modestly higher in mature internodes of grain vs. sweet
sorghum, whereas SbSUT2 was not differentially
expressed in source leaves and was hardly expressed in
mature internodes. SbSUT4 RNA was only approxi-
mately two-fold increased in grain sorghum leaves and
similarly elevated in sweet sorghum internodes. Possible
reasons for the differences between their findings and
ours are noted above.
What might be the potential functions of SbSUT1,

SbSUT2, and SbSUT4? In maize, ZmSUT1 has been
shown to function in sucrose phloem loading in leaves
[82–84]. The lack of expression differences in the sor-
ghum ortholog, SbSUT1, between sweet and grain sor-
ghum suggests that its function in sucrose phloem
loading is conserved, and that it does not likely underlie
differences in carbohydrate partitioning between the cul-
tivars. The biological functions of SbSUT2 and SbSUT4
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remain to be determined. Based on homology with the re-
lated rice OsSUT2 and barley HvSUT2 proteins [43, 44],
and the presence of a conserved tonoplast targeting
motif in the encoded protein [42], we hypothesize that
SbSUT2 localizes to the vacuole membrane and func-
tions to export sucrose from the vacuole to the cyto-
plasm. The statistically significant higher expression of
SbSUT2 in the mature leaves of Wray compared with
those of Macia may suggest that Wray is better able to
efflux transitory sucrose stored in the vacuole of leaf
cells. However, this hypothesis will need to be assessed
experimentally. SbSUT2 expression was not different in
Wray and Macia stem tissues, suggesting that expres-
sion differences in this gene do not account for differ-
ences in stem sugar storage between the two cultivars.
SbSUT4 has been shown to have sucrose transport ac-

tivity by heterologous expression in yeast [85] and to be
constitutively expressed [75]. The protein is hypothe-
sized to be localized to the plasma membrane, and re-
lated group 3/type IIa SUTs have been proposed to
function as sugar sensors or low affinity/high capacity
sucrose transporters [15, 17, 39, 42, 103]. Loss-of-
function mutations in the orthologous gene in Arabidop-
sis thaliana did not condition any apparent morpho-
logical or carbohydrate partitioning-related phenotypes
[104]. Based on RNA expression, SbSUT4 is more highly
expressed in Wray leaves than in Macia, and may con-
tribute to greater sucrose phloem loading capacity.
Hence, in summary, SbSUT2 and SbSUT4 are the only
abundantly expressed sorghum SUT genes that exhibited
differential RNA expression in mature leaves and may
contribute to differences in source strength in Wray as
compared with Macia. None of the sorghum SUT genes
showed significant differential gene expression in stem
tissues between Wray and Macia. These data suggest
that, based on RNA expression, the function of SbSUT
genes are unlikely to explain the differences in stem
sugar accumulation between these cultivars.
An additional possibility to explain the differences in

carbohydrate partitioning between Wray and Macia is
differential sink control of phloem transport and unload-
ing. At the flowering stage, the two major competing
sinks in sweet and grain sorghum are the stem and de-
veloping panicle. We did not analyze SbSUT gene ex-
pression in developing panicles, and therefore our
discussion is limited to maturing stem tissues. Here, we
found significant differences in sugar accumulation in
stem tissues between Wray and Macia. In Wray, stem
solute content increased approximately 24-fold during
the time from anthesis to physiological maturity, indicat-
ing that the stem sink tissues were actively accumulating
sugars. Additionally, although we observed no differ-
ences in SbSUT expression in stem tissues, we found
that SbSUT2 and SbSUT4 were upregulated in the
source leaves of Wray as compared to Macia. Similarly,
we observed increased photosynthesis in the source
leaves at 77 DAP in the former relative to the latter.
These data suggest that the strong stem sink in Wray
might upregulate both carbon assimilation and the
phloem loading of sucrose within the leaves to increase
sucrose delivery to the stem internodes. Precedence for
this hypothesis is provided by experiments in which the
modification of sink strength led to altered SUT gene ex-
pression. For example, the feeding of sucrose to the leaf
transpiration stream of sugar beet (Beta vulgaris L.) was
used to mimic decreased sink demand, and resulted in
decreased BvSUT1 expression and activity, which would
consequently result in diminished phloem sucrose load-
ing in source leaves [105]. Similarly, increasing sink de-
mand has been found to regulate SUT expression and
thus to control sucrose transport. Zhou et al. tested the
hypothesis that sink demand for carbon skeletons regu-
lates the activities of sucrose transporters in developing
pea (Pisum sativum L.) cotyledons [29]. The authors
found that sucrose influx into developing pea cotyledons
acted as a signal that upregulated PsSUT1 expression,
thereby linking sink demand for assimilates with sucrose
import. Finally, in sugarcane, through shading all but
one source leaf to increase relative sink strength, it was
found that decreased stem sucrose concentration corre-
lated with an increase in phloem transport from the leaf
and an enhanced rate of photosynthesis [27]. These find-
ings suggest that the strong stem sink tissues in Wray
may use similar mechanisms to control phloem trans-
port and carbohydrate partitioning to the stem.

Model for sucrose movement from the phloem to storage
parenchyma cells in sorghum stems
From the dye loading and SbSUT expression data, we
propose the following model for sucrose unloading and
storage in sorghum stem tissues (Fig. 10). Because the
phloem sieve tubes are symplasmically isolated from
surrounding cells based on the CF transport studies, it
suggests that sucrose must be effluxed across the sieve
element/companion cell plasma membrane. We hypothesize
that this function is mediated by SWEET efflux proteins,
since the pH gradient across the sieve element plasma
membrane, and the protein topology and H+/sucrose co-
transport activity of SUTs predict sucrose uptake from the
apoplasm rather than release. Therefore, we conclude that
SbSUTs do not likely function in sucrose phloem unloading
in Wray or Macia stems, but instead function in sucrose re-
trieval into the phloem sieve tube to help maintain the os-
motic gradient between distant source and sink tissues,
and/or in sucrose uptake into surrounding cells. Upon ef-
flux to the apoplasm, sucrose is able to migrate into the cell
walls of the storage parenchyma cells, as indicated by the
safranin diffusion (Fig. 10a). SWEETs, SbSUT1, and/or
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Fig. 10 Model for sucrose movement from stem phloem to storage
parenchyma cells in sorghum. The phloem companion cells (CC)
and sieve elements (SE) are shown in green; the phloem
parenchyma (PP), in orange; the mestome sheath (MS) cells, in red;
and storage parenchyma cell (SPC), in white. The apoplasmic space
is indicated by the light blue background. A vacuole in the SPC is
shown in grey. Plasmodesmata are shown by thin, white rectangles.
The red dashed line (a) indicates an entirely apoplasmic path for
sucrose. The black dashed lines (b) indicate sucrose initially moving
through the apoplasm, followed by import into either the PP or MS
cells, and the black dotted lines represent sucrose symplasmic
movement. SUT proteins are shown by a blue circle, with an arrow
indicating the direction of sucrose uptake, and the numbers
represent SbSUT1 and/ or SbSUT4 (1;4), or SbSUT2 (2). Green
rectangle with an arrow indicates a SWEET sucrose effluxer, and
purple diamond with arrow refers to TST protein located on
the tonoplast
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SbSUT4 may function to uptake sucrose into cells along
the post-phloem unloading path (e.g., mestome sheath) or
directly into the stem storage parenchyma. If sucrose is
uptaken by the phloem parenchyma or mestome sheath
cells, it presumably moves through plasmodesmata to the
stem storage parenchyma cells (Fig. 10b). Importantly, the
presence of an apoplasmic transport route for safranin,
and potentially sucrose, from the phloem apoplasm to the
stem storage parenchyma cells does not indicate that this
pathway contributes a significant amount to the overall
accumulation of sucrose within stem tissues. For example,
immediate uptake by cells outside of the sieve element/
companion cell complexes might account for the majority
of uptake from the apoplasm. In addition to an assessment
of the rate at which sucrose can move along the apoplas-
mic path to the stem parenchyma cells, future studies will
also need to determine whether 1) heterogeneity is present
in sucrose phloem unloading in sorghum stems from dif-
ferent cultivars [106], 2) a developmental shift occurs from
one path to the other [12, 57], and 3) one pathway pre-
dominates over the other for sucrose accumulation in
sweet sorghum stems.
For the storage parenchyma cells, we predict that sucrose

is transported into the vacuoles by TSTs [52, 107, 108],
since these transporters have been previously shown to
be expressed in sorghum stem tissues [75, 109]. If su-
crose is exported from the vacuoles, SbSUT2 may per-
form this role. Based on this model, a tantalizing
possibility is that a key step in sucrose accumulation in
the sweet sorghum stem is controlled by a TST, as has
been recently reported for the control of sucrose stor-
age in sugar beet [52]. While sugarcane and sweet sor-
ghum may have been selected to utilize different
pathways for sucrose phloem unloading from the stem,
it will be of exceeding interest to examine the function
of TSTs in sweet sorghum and sugarcane to determine
if the same gene function has been convergently se-
lected during domestication of the world’s major sugar
crops. Future research will investigate this possibility.
Conclusions
Sugar accumulation within the stem of sweet sorghum
compared to grain sorghum is not due to differences in
the phloem unloading pathway. Moreover, the stem
phloem tissue is symplasmically isolated from surround-
ing cells, suggesting that sucrose is unloaded apoplasmi-
cally. The lignified mestome sheath does not prevent
apoplasmic diffusion from the phloem apoplasm to the
stem storage parenchyma cell walls, suggesting sucrose
may follow an apoplasmic path. These results suggest
that the path of sucrose movement in sorghum stems
differs from sugar accumulation within the stems of the
closely related grass, sugarcane. Additionally, differences
in stomatal density, water use efficiency, and carbon as-
similation may contribute to a greater mature leaf source
strength in Wray compared with Macia. Finally, based
on RNA expression levels, SbSUTs are unlikely to con-
tribute to sugar accumulation differences between Wray
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and Macia stems, but SbSUT2 and SbSUT4 could play
roles in Wray’s increased leaf source strength.

Methods
Plant materials and growth conditions
Seeds of the sweet sorghum (Sorghum bicolor L.
Moench) cultivar Wray and grain sorghum cultivar
Macia were kindly provided by Dr. Ismail Dweikat at the
University of Nebraska-Lincoln. Plants were grown at
the South Farm Research Center at the University of
Missouri, Columbia, MO, USA (38°54’N, 92°16’W) dur-
ing the summers of 2013 and 2014. Seeds were planted
in three randomized experimental blocks (blocked by lo-
cation and time), with each one containing a plot for
each sorghum cultivar. Every plot was composed of four
adjacent rows 6.6 m in length. The two outer rows
served as buffers, while all measured parameters were
taken from the plants in the two middle rows. A total of
100 seeds were planted in each row. At the three-leaf
stage, the seedlings were hand-thinned to 20 individuals
per row to provide a spacing of approximately 0.3 m be-
tween plants.

Growth, biomass, and yield measurements
A number of biomass-related parameters were measured
at different DAP, including the main stem height (mea-
sured from the soil surface to the base of the panicle)
and leaf and tiller number per plant [110]. Additionally,
the total leaf area (LA) and the length and width of the
second leaf from the top of the plant (tLL and tLW), the
leaf at mid-height (mLL, mLW), and the leaf at the plant
base (bLL, bLW) were measured using a LI-3000 leaf
area meter (LI-COR Inc., Lincoln, NE). The main stems
were collected at physiological maturity (defined by the
presence of the black layer over the hilium at the seed
base), and the internodes (IN) were separated and
weighed to determine the fresh weight (FW). The IN
segments were oven-dried at 60 °C for five days to ob-
tain the dry weight (DW). Main stem diameter was mea-
sured and used to calculate the stem circumference in
the middle of three IN located at the base, middle, and
top of the main stem.
Various grain yield components were measured after

harvest. After the panicle number of the main stem was
counted, the main panicles were harvested, dried, and
weighed to determine the total weight. The main pani-
cles were then carefully threshed to determine the total
seed weight and number for each one.

Brix content
Brix measurements, which indicate the amount of sol-
utes in the juice, were determined directly after harvest.
After removal of the panicles and leaves from the main
stem, each internode was isolated and immediately
processed. The juice from each segment was extracted
by passing them through a bench top power mill Model
SC-3 Sugarcane Juicer (Jucernet, Mulligan Associates
Inc., Jupiter, FL, USA). When the stem sections were
small, the juice was extracted by hand using a garlic
press and filtered through a double layer of cheesecloth.
Subsequently, the juice volume was measured using a
graduated cylinder, and the Brix percentage was deter-
mined with 1 ml of juice using an Atago 3810 digital
handheld pocket refractometer (PAL-1, Atago USA Inc.,
Bellevue, WA, USA). Brix measurements were recorded
for plants at anthesis and physiological maturity. In
addition, a separate set of plants was used to determine
the total juice volume and Brix percentage at maturity
using uncut main stems stripped of leaves and without
panicles.

Gas exchange and chlorophyll fluorescence
measurements
Gas exchange measurements were taken on fully ex-
panded source leaves using a portable infra-red gas ex-
change system (LI-6400XT, LI-COR Inc., Lincoln, NE,
USA) at different DAP as described [111, 112]. Net photo-
synthesis (Anet, μmol m−2 s−1) and stomatal conductance
(gs, mol m−2 s−1) rates were measured at a photon flux
density of 2000 μmol m−2 s−1 (determined from running
an initial light response curve; Additional file 6: Figure S4)
and ambient CO2 concentration of 400 μmol mol−1. Mea-
surements were performed between 9:00 AM and 12:00
PM at 43, 77, 82, and 91 DAP on 15 plants per sorghum
variety. Instantaneous water use efficiency (iWUE) was de-
termined using the following equation:

iWUE μmol mol−1
� � ¼ Anet μmol mol−1s−1

� �
=T mol mol−1s−1

� �

ð1Þ

where T is the transpiration rate.
The maximum photochemical efficiency of photo-

system II (Fv/Fm) was determined on dark-adapted
leaves using a leaf fluorometer attached to the LI-
6400XT infrared gas analyzer. Chlorophyll fluorescence
was measured on fully expanded source leaves, adapted
to darkness for at least 30 min using dark-adapting clips
at 56 DAP. A Minolta SPAD-502 meter (Spectrum
Technologies, Plainfield, IL) was used to estimate
chlorophyll content at 43, 77, 82, and 91 DAP [113].

Stomatal counts
Epidermal leaf imprints were collected from the adaxial
and abaxial leaf surfaces of plants at anthesis [114, 115].
After one drop of “Superglue” was applied onto the tar-
get leaf area, a clean glass slide was gently pressed
against it and held firmly in place until the adhesive
dried. The glass slide was lifted carefully from the leaf
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surface, which resulted in the direct placement of the
epidermal impression onto the glass slide. Five plants
were sampled per genotype, and three regions from the
center of mature, fully expanded source leaves were col-
lected on both epidermal surfaces. Images were taken
under bright-field illumination using a Nikon Eclipse 80i
compound fluorescent microscope at 20× magnification
and analyzed using the open-source ImageJ software
(http://rsb.info.nih.gov/ij/) to count the number of sto-
mata per field of view.

Dye transport assays
Feeding experiments using 5,6-carboxyfluorescein diace-
tate (CFDA, 50 μg/ml, Invitrogen, Carlsbad, CA, USA)
were performed as previously described [36, 116]. Plants
were grown in the fall and winter in a greenhouse sup-
plemented with high-pressure sodium lighting (1600
μmols m−2 sec−1) to provide a 16-h photoperiod at a
day/night temperature of 30/24 °C. Plants with fully
elongated internodes just prior to or at anthesis were
used for the experiments. The cut tip of the third or
fourth mature source leaf below the panicle was sub-
merged into a 30 ml CFDA solution for one hour. After
five additional hours, free-hand transverse sections of
the fully elongated stem tissue at multiple internodes
below the fed leaf were mounted in water and examined
with a Nikon Eclipse 80i epifluorescent microscope
equipped with a 100-W mercury bulb using either UV
(360- to 370-nm excitation filter and a 420-nm long-
pass emission filter) or blue light (465- to 495-nm exci-
tation filter and a 515- to 555-nm band-pass emission
filter), respectively [117].
For the safranin O dye movement studies, post-anthesis

sorghum plants were cut at the base of the stem, and the
cut ends were immersed into a 0.07 % aqueous solution of
safranin O for 2 h [118]. Transverse hand-cut stem sec-
tions were mounted in water and examined under the
microscope using bright-field, UV, and green illumination
(530- to 560-nm excitation filter and 590- to 650-nm
band-pass emission filter), respectively.
All images were captured using a Nikon DXM1200F

camera and Nikon NIS Elements F software (version
3.0). For each type of illumination, all photographs in a
figure were taken using identical microscope and cam-
era settings, including the same gain settings.

Total RNA isolation and reverse transcription
For gene expression studies, mature source leaf and
stem samples were collected from field-grown plants at
anthesis, immediately frozen in liquid nitrogen, kept on
dry-ice, and stored at −80 °C until processed. Leaf tissues
were collected from the center of the leaf blade, omitting
the mid-rib, and stem tissues were harvested from the
middle part of the internode located at the mid-height
of the main stem. Five biological replications per culti-
var were used.
Leaf tissues were ground to a fine powder in liquid ni-

trogen using a pre-chilled mortar and pestle. To grind
stem tissues, dry-ice was first ground in a cryogenic tis-
sue grinder. The resultant dry-ice powder was discarded,
and frozen stem fragments were immediately placed into
the chilled grinder and processed. The powdered tissue
was collected into frozen 15 ml tubes and placed on dry-
ice until all samples were processed.
Total RNA was extracted from 100 mg of frozen ground

tissue aliquoted into a frozen 1.5 ml Eppendorf tube using
1 ml of TRIzol® reagent (Invitrogen, Carlsbad, CA, USA)
and 200 μl of chloroform. Afterwards, 175 μl of the super-
natant was used for RNA isolation. The RNA was treated
with RNase-free DNase (Qiagen, Valencia, CA, USA) and
then isolated using the RNeasy MinElute Cleanup kit
(Qiagen, Valencia, CA, USA). The RNA was dissolved in
RNase-free water, and its quality was assessed by spectro-
photometry and gel electrophoresis.
One μg of total RNA was used to synthesize the com-

plementary DNA (cDNA) using iScriptTM Reverse
Transcription Supermix (Bio-Rad, Hercules, CA, USA)
according to the manufacturer’s protocol. To identify a
suitable reference gene for normalization of SbSUT
genes expression, the expression stability of several
widely used endogenous reference genes, tubulin
(Sb02g037260), ubiquitin (Sb02g021080), and actin
(Sb01g010030), were tested, but their expression was
unstable between leaf and stem tissues. Thus, an ex-
ogenous gene, luciferase, was used as the reference
gene [119, 120]. Prior to cDNA synthesis, 50 pg of lu-
ciferase RNA (Promega, Madison, WI, USA) was spiked
into the RNA to serve as the reference gene for the
quantitative real-time reverse transcription-polymerase
chain reaction (qRT-PCR) experiments.

qRT-PCR amplification and data analysis
The primers used in this study are listed in Additional
file 8: Table S4. The primers were designed to specific-
ally amplify only the SbSUT gene of interest and to gen-
erate products between 100–150 bp in size for each
SbSUT gene. The primer sequences were first subjected
to Basic Local Alignment Search Tool (BLAST) against
the sorghum genome (Sorghum bicolor v2.1 available at
www.phytozome.net) to ensure a unique homology for
the target sequences, and were ordered from Integrated
DNA Technologies (Coralville, IA, USA). The PCR con-
ditions were optimized across a temperature gradient to
determine the best annealing temperature and to ensure
a single PCR product was amplified. The PCR product
was analyzed on a 2 % agarose gel to confirm it was a
single product of the expected size. PCR products were
purified using the RapidTip purification kit (Diffinity

http://rsb.info.nih.gov/ij/
http://www.phytozome.net/


Bihmidine et al. BMC Plant Biology  (2015) 15:186 Page 19 of 22
Genomics, West Henrietta, NY, USA) and sequenced to
confirm the PCR primers were specific for the target
gene. All SbSUT gene-specific primers were designed as
described above, except for the SbSUT5 primer set. This
primer set was previously published by Milne et al. [85],
and was also validated according to the above
procedure.
A total of four technical replications for each of the

five biological replicates were used in the qRT-PCR ex-
periment, and nuclease-free water was used instead of
cDNA in the non-template control. For each reaction,
10 ng of cDNA was mixed with 5 μl of ScoFast™
EvaGreen® Supermix with Low ROX (Bio-Rad, Bio-Rad,
Hercules, CA, USA), and 0.4 μM of both the forward
and reverse primers were added for a final volume of 10
μl. A CFX384 ConnectTM Real-Time PCR Detection Sys-
tem (Bio-Rad, Hercules, CA, USA) was used to run the
analysis. The amplification program was as follow: 95 °C
for 30 s followed by 40 cycles of 95 °C for 5 s, 57 °C for
30 s, and a final temperature increment of 0.5 °C for 5 s
from 65 °C to 95 °C.
The qRT-PCR data was analyzed following the Pfaffl

method [121]. First, the PCR efficiency for both the ref-
erence and target genes were determined using the fol-
lowing equation:

E ¼ 10 −1=m½ � ð2Þ

where E is the PCR efficiency and m is the slope of the
standard curve obtained by the qRT-PCR analysis of
known serial dilutions of the cDNA. Afterwards, the
relative expression ratio of the target gene was calculated
based on E and the Cq deviation of the sample versus a
control expressed in comparison to a reference gene as
shown in the following equation:

R ¼ Etarget
� �ΔCq

target
control−sampleð Þ= Eref :ð ÞΔCqref : control−sampleð Þ

ð3Þ

where R is the relative expression ratio, Etarget is the
PCR efficiency of the target gene (SbSUTx), Eref. is the
PCR efficiency of the reference gene (luciferase), ΔCqtar-
get is the Cq deviation of the control minus the sample
of the target gene, and ΔCqref. is the Cq deviation of the
control minus the sample of the reference gene. A Cq
value greater than 31 indicates that the gene expression
level is below that which can be accurately measured
[90–92]. The average of the fold change values from the
five biological replicates was used to plot the expression
level of the SbSUT genes in the two tissues for the two
cultivars, and to plot the expression level of each SbSUT
gene in Wray using the corresponding gene in Macia.
Statistical analyses
Statistical analyses were performed using SAS (version
9.3, Cary, NC, USA; SAS Institute, Inc. 1998). The mixed
model analysis of variance (PROC MIXED, SAS) was
used to determine if significant differences were present
between Wray and Macia, with the cultivar and plants
used as the fixed and random effects, respectively. All
results are reported as mean ± standard error (SE); sig-
nificant differences between the cultivars were assessed
at p ≤ 0.05.

Additional files

Additional file 1: Table S1. Morphological parameters of Macia and
Wray plants grown in the field and measured on different days after
planting (DAP). Values are means ± SE of N = 5. Lowercase letters
indicate significantly different means between the two lines at p ≤ 0.05a,
p ≤ 0.01b, or p ≤ 0.001c. Abbreviations: MS LN, Main Stem Leaf Number;
MS LA, Main Stem Leaf Area; tLL, top Leaf Length; mLL, middle Leaf
Length; bLL, base Leaf Length; tLW, top Leaf Width; mLW, middle Leaf
Width; bLW, base Leaf Width; TN, Tiller Number; SPAD is a relative
measure of chlorophyll; ns, not significant. (PDF 70 kb)

Additional file 2: Figure S1. Percent Brix (A) and total juice volume (B) of
whole main stems harvested at physiological maturity. Values are means ± SE of
N = 5, and an asterisk indicates significantly different means between the two
lines at p ≤ 0.05. Macia = black boxes, and Wray = white boxes. (PDF 61 kb)

Additional file 3: Figure S2. Percent Brix of top (A), mid-height
(B), and basal (C) internodes sampled on different days after planting.
Values are means ± SE of N = 15, and an asterisk indicates significantly
different means between the two lines at p ≤ 0.05. Macia = black boxes,
and Wray = white boxes. (PDF 55 kb)

Additional file 4: Table S2. Average Cq values ± SE obtained for each
SbSUT gene in both leaf and stem tissues of Wray and Macia. (PDF 87 kb)

Additional file 5: Figure S3. Average number of stomata per field of
view on the adaxial and abaxial leaf surfaces of field grown Macia and
Wray plants. A total of N = 3 impressions were collected from each leaf
surface of N = 5 plants per cultivar. Values are means ± SE, and an
asterisk indicates significantly different means between the two lines for
each surface or between opposite surfaces for each cultivar at p ≤ 0.05.
Macia = black boxes, and Wray = white boxes. (PDF 51 kb)

Additional file 6: Figure S4. Light response curves of Macia and Wray
leaves from plants grown in the field, measured 64 days after planting.
Net assimilation (A) is plotted on the y-axis, and photosynthetically active
radiation (PAR) is plotted on the x-axis. Values are means ± SE of N = 5.
Macia = black boxes, and Wray = white boxes. No statistical differences
were detected between the two cultivars. (PDF 53 kb)

Additional file 7: Table S3. Chlorophyll fluorescence (Fv/Fm) measured
on dark adapted leaves of Macia and Wray plants grown in the field.
Measurements were taken 56 days after planting on N = 5. No statistical
differences were detected between the two cultivars. (PDF 88 kb)

Additional file 8: Table S4. List of PCR primer sets used in the qRT-PCR
analyses. (PDF 80 kb)

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
SB carried out the morphometrics-related measurements, stem juice volume
and Brix determinations, photosynthesis-related parameters, qRT-PCR analyses,
performed the statistical analyses, and drafted the manuscript. CH performed
the growth-related measurements, stomatal counts, and leaf area analyses. RFB
performed the dye tracer studies and drafted the manuscript. DMB conceived
of the study, participated in its design and coordination, and helped to draft
the manuscript. All authors read and approved the final manuscript.

http://www.biomedcentral.com/content/supplementary/s12870-015-0572-8-s1.pdf
http://www.biomedcentral.com/content/supplementary/s12870-015-0572-8-s2.pdf
http://www.biomedcentral.com/content/supplementary/s12870-015-0572-8-s3.pdf
http://www.biomedcentral.com/content/supplementary/s12870-015-0572-8-s4.pdf
http://www.biomedcentral.com/content/supplementary/s12870-015-0572-8-s5.pdf
http://www.biomedcentral.com/content/supplementary/s12870-015-0572-8-s6.pdf
http://www.biomedcentral.com/content/supplementary/s12870-015-0572-8-s7.pdf
http://www.biomedcentral.com/content/supplementary/s12870-015-0572-8-s8.pdf


Bihmidine et al. BMC Plant Biology  (2015) 15:186 Page 20 of 22
Acknowledgements
We thank two anonymous reviewers for comments that improved the
manuscript, Felix Fritschi for use of the LI-3000, Pat Brown and Gene Stevens for
advice on harvesting and measuring stem juice volume and Brix values from
sorghum stems, Matt Boyer and Kristen Leach for help processing sorghum
samples for Brix measurements, and John Boyer and Priya Voothuluru for
suggestions on the dye transport studies. This research was supported by
the US DOE Office of Science, Office of Biological and Environmental Research
(BER), grant no. DE-SC0006810, and by the US National Science Foundation
Plant Genome Research Program (grant no. IOS–1025976) to DMB.

Author details
1Division of Biological Sciences, Interdisciplinary Plant Group, and Missouri
Maize Center, University of Missouri, 110 Tucker Hall, Columbia, MO 65211,
USA. 2University of Missouri Molecular Cytology Core, 120 Bond Life Sciences
Center, 1201 Rollins Street, Columbia, MO 65211-7310, USA. 3Sigma-Aldrich
Biotech, 545 S. Ewing, Saint Louis, MO 63103, USA.

Received: 27 May 2015 Accepted: 16 July 2015
References
1. Fedoroff NV, Battisti DS, Beachy RN, Cooper PJM, Fischhoff DA, Hodges CN,

et al. Radically rethinking agriculture for the 21st century. Science.
2010;327:833–4.

2. Godfray HCJ, Beddington JR, Crute IR, Haddad L, Lawrence D, Muir JF, et al.
Food security: The challenge of feeding 9 billion people. Science.
2010;327:812–8.

3. Palmgren MG, Edenbrandt AK, Vedel SE, Andersen MM, Landes X, Østerberg
JT, et al. Are we ready for back-to-nature crop breeding? Trends Plant Sci.
2015;20:155–64.

4. Dweikat I, Weil C, Moose S, Kochian L, Mosier N, Ileleji K, et al. Envisioning
the transition to a next‐generation biofuels industry in the US Midwest.
Biofuels Bioprod Bioref. 2012;6:376–86.

5. Rooney WL, Blumenthal J, Bean B, Mullet JE. Designing sorghum as a
dedicated bioenergy feedstock. Biofuels Bioprod Bioref. 2007;1:147–57.

6. Vermerris W. Survey of genomics approaches to improve bioenergy traits in
maize, sorghum and sugarcane. J Int Plant Biol. 2011;53:105–19.

7. van der Weijde T, Kamei CLA, Torres AF, Vermerris W, Dolstra O, Visser RG
et al.: The potential of C4 grasses for cellulosic biofuel production. Front
Plant Sci. 2013, 4:107 doi:110.3389/fpls.2013.00107.

8. Carpita NC, McCann MC. Maize and sorghum: genetic resources for
bioenergy grasses. Trends Plant Sci. 2008;13:415–20.

9. Slewinski TL. Non-structural carbohydrate partitioning in grass stems: a
target to increase yield stability, stress tolerance, and biofuel production.
J Exp Bot. 2012;63:4647–70.

10. Somerville C, Youngs H, Taylor C, Davis SC, Long SP. Feedstocks for
lignocellulosic biofuels. Science. 2010;329:790–2.

11. Fu C, Mielenz JR, Xiao X, Ge Y, Hamilton CY, Rodriguez M, et al. Genetic
manipulation of lignin reduces recalcitrance and improves ethanol
production from switchgrass. Proc Natl Acad Sci USA. 2011;108:3803–8.

12. Braun DM, Wang L, Ruan Y-L. Understanding and manipulating sucrose
phloem loading, unloading, metabolism, and signalling to enhance crop
yield and food security. J Exp Bot. 2014;65:1713–35.

13. Yadav UP, Ayre BG, Bush DR: Transgenic approaches to altering carbon and
nitrogen partitioning in whole plants: assessing the potential to improve
crop yields and nutritional quality. Front Plant Sci. 2015, 6:275
doi:210.3389/fpls.2015.00275.

14. Schroeder JI, Delhaize E, Frommer WB, Guerinot ML, Harrison MJ,
Herrera-Estrella L, et al. Using membrane transporters to improve crops
for sustainable food production. Nature. 2013;497:60–6.

15. Ayre BG. Membrane-transport systems for sucrose in relation to whole-plant
carbon partitioning. Mol Plant. 2011;4:377–94.

16. Baker RF, Braun DM. tie-dyed2 functions with tie-dyed1 to promote
carbohydrate export from maize leaves. Plant Physiol. 2008;146:1085–97.

17. Kühn C, Grof CPL. Sucrose transporters of higher plants. Curr Opin Plant
Biol. 2010;13:287–97.

18. Ainsworth EA, Bush DR. Carbohydrate export from the leaf: a highly
regulated process and target to enhance photosynthesis and productivity.
Plant Physiol. 2011;155:64–9.
19. Wardlaw IF. Tansley Review No. 27. The control of carbon partitioning in
plants. New Phytol. 1990;116:341–81.

20. Smith AM, Stitt M. Coordination of carbon supply and plant growth. Plant
Cell Environ. 2007;30:1126–49.

21. Slewinski TL, Braun DM. Current perspectives on the regulation of
whole-plant carbohydrate partitioning. Plant Sci. 2010;178:341–9.

22. Wang J, Nayak S, Koch K, Ming R: Carbon partitioning in sugarcane
(Saccharum species). Front Plant Sci. 2013, 4:201 doi:210.3389/
fpls.2013.00201.

23. van Bel AJ. Strategies of phloem loading. Ann Rev Plant Physiol Plant Mol
Biol. 1993;44:253–81.

24. Patrick JW. PHLOEM UNLOADING: Sieve element unloading and
post-sieve element transport. Ann Rev Plant Physiol Plant Mol Biol.
1997;48:191–222.

25. Lemoine R, La Camera S, Atanassova R, Dédaldéchamp F, Allario T, Pourtau
N et al.: Source to sink transport and regulation by environmental factors.
Front Plant Sci. 2013, 4:272. doi:210.3389/fpls.2013.00272.

26. Bihmidine S, Hunter III CT, Johns CE, Koch KE, Braun DM: Regulation of
assimilate import into sink organs: Update on molecular drivers of sink
strength. Front Plant Sci. 2013, 4:177. doi:110.3389/fpls.2013.00177.

27. McCormick AJ, Cramer MD, Watt DA. Sink strength regulates photosynthesis
in sugarcane. New Phytol. 2006;171:759–70.

28. Patrick JW: Does Don Fisher’s high-pressure manifold model account for
phloem transport and resource partitioning? Front Plant Sci. 2013, 4:184.
doi:110.3389/fpls.2013.00184.

29. Zhou Y, Chan K, Wang TL, Hedley CL, Offler CE, Patrick JW. Intracellular
sucrose communicates metabolic demand to sucrose transporters in
developing pea cotyledons. J Exp Bot. 2009;60:71–85.

30. Rennie EA, Turgeon R. A comprehensive picture of phloem loading
strategies. Proc Natl Acad Sci USA. 2009;106:14162–7.

31. Scofield GN, Hirose T, Aoki N, Furbank RT. Involvement of the sucrose
transporter, OsSUT1, in the long-distance pathway for assimilate transport in
rice. J Exp Bot. 2007;58:3155–69.

32. Eom J-S, Choi S-B, Ward JM, Jeon J-S. The mechanism of phloem loading in
rice (Oryza sativa). Molec Cells. 2012;33:431–8.

33. Robinson-Beers K, Evert RF. Ultrastructure of and plasmodesmatal frequency
in mature leaves of sugarcane. Planta. 1991;184:291–306.

34. Evert RF, Eschrich W, Heyser W. Leaf structure in relation to solute transport
and phloem loading in Zea mays L. Planta. 1978;138:279–94.

35. Thompson R, Dale J. Export of 14C- and 11C-labelled assimilate from wheat
and maize leaves: effects of parachloromercurobenzylsulphonic acid and
fusicoccin and of potassium deficiency. Can J Bot. 1981;59:2439–44.

36. Aoki N, Scofield GN, Wang X-D, Patrick JW, Offler CE, Furbank RT. Expression
and localisation analysis of the wheat sucrose transporter TaSUT1 in
vegetative tissues. Planta. 2004;219:176–84.

37. Evert RF, Russin WA, Botha CEJ. Distribution and frequency of
plasmodesmata in relation to photoassimilate pathways and phloem
loading in the barley leaf. Planta. 1996;198:572–9.

38. Aoki N, Hirose T, Scofield GN, Whitfeld PR, Furbank RT. The sucrose
transporter gene family in rice. Plant Cell Physiol. 2003;44:223–32.

39. Braun DM, Slewinski TL. Genetic control of carbon partitioning in grasses:
Roles of Sucrose Transporters and Tie-dyed loci in phloem loading. Plant
Physiol. 2009;149:71–81.

40. Lalonde S, Wipf D, Frommer WB. Transport mechanisms for organic forms
of carbon and nitrogen between source and sink. Annu Rev Plant Biol.
2004;55:341–72.

41. Sauer N. Molecular physiology of higher plant sucrose transporters.
FEBS Lett. 2007;581:2309–17.

42. Reinders A, Sivitz AB, Ward JM. Evolution of plant sucrose uptake
transporters. Front Plant Sci. 2012;3:22. doi:10.3389/fpls.2012.00022.

43. Endler A, Meyer S, Schelbert S, Schneider T, Weschke W, Peters SW, et al.
Identification of a vacuolar sucrose transporter in barley and Arabidopsis
mesophyll cells by a tonoplast proteomic approach. Plant Physiol.
2006;141:196–207.

44. Eom J-S, Cho J-I, Reinders A, Lee S-W, Yoo Y, Tuan PQ, et al. Impaired
function of the tonoplast-localized sucrose transporter in rice, OsSUT2,
limits the transport of vacuolar reserve sucrose and affects plant
growth. Plant Physiol. 2011;157:109–19.

45. Schneider S, Hulpke S, Schulz A, Yaron I, Höll J, Imlau A, et al. Vacuoles
release sucrose via tonoplast-localised SUC4-type transporters. Plant Biol.
2012;14:325–36.

http://dx.doi.org/110.3389/fpls.2013.00107
http://dx.doi.org/210.3389/fpls.2015.00275
http://dx.doi.org/210.3389/fpls.2013.00201
http://dx.doi.org/210.3389/fpls.2013.00201
http://dx.doi.org/210.3389/fpls.2013.00272
http://dx.doi.org/110.3389/fpls.2013.00177
http://dx.doi.org/110.3389/fpls.2013.00184
http://dx.doi.org/10.3389/fpls.2012.00022


Bihmidine et al. BMC Plant Biology  (2015) 15:186 Page 21 of 22
46. Baker RF, Leach KA, Braun DM. SWEET as sugar: new sucrose effluxers in
plants. Mol Plant. 2012;5:766–8.

47. Braun DM. SWEET! The pathway is complete. Science. 2012;335:173–4.
48. Chen L-Q. SWEET sugar transporters for phloem transport and pathogen

nutrition. New Phytol. 2014;201:1150–5.
49. Chen L-Q, Qu X-Q, Hou B-H, Sosso D, Osorio S, Fernie AR, et al. Sucrose

efflux mediated by SWEET proteins as a key step for phloem transport.
Science. 2012;335:207–11.

50. Eom J-S, Chen L-Q, Sosso D, Julius BT, Lin IW, Qu X-Q, et al. SWEETs,
transporters for intracellular and intercellular sugar translocation. Curr Opin
Plant Biol. 2015;25:53–62.

51. Wingenter K, Schulz A, Wormit A, Wic S, Trentmann O, Hoermiller II, et al.
Increased activity of the vacuolar monosaccharide transporter TMT1 alters
cellular sugar partitioning, sugar signaling, and seed yield in Arabidopsis.
Plant Physiol. 2010;154:665–77.

52. Jung B, Ludewig F, Schulz A, Meißner G, Wöstefeld N, Flügge U-I, et al.
Identification of the transporter responsible for sucrose accumulation in
sugar beet taproots. Nat Plants. 2015;1:14001.

53. Slewinski TL. Diverse functional roles of monosaccharide transporters and
their homologs in vascular plants: A physiological perspective. Mol Plant.
2011;4:641–62.

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

55. van Bel AJ. Phloem, a miracle of ingenuity. Plant Cell Environ.
2003;26:125–49.

56. Ruan Y-L, Patrick JW, Bouzayen M, Osorio S, Fernie AR. Molecular regulation
of seed and fruit set. Trends Plant Sci. 2012;17:656–65.

57. Palmer WM, Ru L, Jin Y, Patrick JW, Ruan Y-L. Tomato ovary-to-fruit
transition is characterized by a spatial shift of mRNAs for cell wall invertase
and its inhibitor with the encoded proteins localized to sieve elements. Mol
Plant. 2015;8:315–28.

58. Patrick JW, Botha FC, Birch RG. Metabolic engineering of sugars and simple
sugar derivatives in plants. Plant Biotech J. 2013;11:142–56.

59. Welbaum G, Meinzer F, Grayson R, Thornham K. Evidence for the
consequences of a barrier to solute diffusion between the apoplast and
vascular bundles in sugarcane stalk tissue. Aust J Plant Physiol.
1992;19:611–23.

60. Rae AL, Perroux JM, Grof CPL. Sucrose partitioning between vascular
bundles and storage parenchyma in the sugarcane stem: a potential role
for the ShSUT1 sucrose transporter. Planta. 2005;220:817–25.

61. Maness NO, McBee GG. Role of placental sac in endosperm carbohydrate
import in sorghum caryopses. Crop Sci. 1986;26:1201–7.

62. Porter GA, Knievel DP, Shannon JC. Sugar efflux from maize (Zea mays L.)
pedicel tissue. Plant Physiol. 1985;77:524–31.

63. Dicko MH, Gruppen H, Traoré AS, Voragen AG, van Berkel WJ. Review:
Sorghum grain as human food in Africa: relevance of starch content and
amylase activities. Afr J Biotech. 2006;5:384–95.

64. Jacob AA, Fidelis AE, Salaudeen KO, Queen KR. Sorghum: Most under-utilized
grain of the semi-arid Africa. Schol J Ag Sci. 2013;3:147–53.

65. Qingshan L, Dahlberg J. Chinese sorghum genetic resources. Econ Bot.
2001;55:401–25.

66. Calviño M, Messing J. Sweet sorghum as a model system for bioenergy
crops. Curr Opin Biotech. 2012;23:323–9.

67. Wang M, Zhu C, Barkley N, Chen Z, Erpelding J, Murray S, et al. Genetic
diversity and population structure analysis of accessions in the US historic
sweet sorghum collection. Theor Appl Genet. 2009;120:13–23.

68. Murray SC, Rooney WL, Hamblin MT, Mitchell SE, Kresovich S. Sweet
sorghum genetic diversity and association mapping for Brix and height.
Plant Genome. 2009;2:48–62.

69. Morris GP, Ramu P, Deshpande SP, Hash CT, Shah T, Upadhyaya HD, et al.
Population genomic and genome-wide association studies of agroclimatic
traits in sorghum. Proc Natl Acad Sci USA. 2013;110:453–8.

70. Ritter KB, McIntyre CL, Godwin ID, Jordan DR, Chapman SC. An assessment
of the genetic relationship between sweet and grain sorghums, within
Sorghum bicolor ssp. bicolor (L.) Moench, using AFLP markers. Euphytica.
2007;157:161–76.

71. Murray SC, Sharma A, Rooney WL, Klein PE, Mullet JE, Mitchell SE,
et al. Genetic improvement of sorghum as a biofuel feedstock: I.
QTL for stem sugar and grain nonstructural carbohydrates. Crop Sci.
2008;48:2165–79.
72. Ritter K, Jordan D, Chapman S, Godwin I, Mace E, McIntyre LC. Identification
of QTL for sugar-related traits in a sweet x grain sorghum (Sorghum bicolor
L. Moench) recombinant inbred population. Mol Breed. 2008;22:367–84.

73. Felderhoff TJ, Murray SC, Klein PE, Sharma A, Hamblin MT, Kresovich S, et al.
QTLs for energy-related traits in a sweet × grain sorghum [Sorghum bicolor
(L.) Moench] mapping population. Crop Sci. 2012;52:2040–9.

74. Calviño M, Miclaus M, Bruggmann R, Messing J. Molecular markers for sweet
sorghum based on microarray expression data. Rice. 2009;2:129–42.

75. Shakoor N, Nair R, Crasta O, Morris G, Feltus A, Kresovich S. A Sorghum
bicolor expression atlas reveals dynamic genotype-specific expression
profiles for vegetative tissues of grain, sweet and bioenergy sorghums. BMC
Plant Biol. 2014;14:35.

76. Lingle SE. Sucrose metabolism in the primary culm of sweet sorghum
during development. Crop Sci. 1987;27:1214–9.

77. Hoffmann-Thoma G, Hinkel K, Nicolay P, Willenbrink J. Sucrose accumulation
in sweet sorghum stem internodes in relation to growth. Phys Plant.
1996;97:277–84.

78. Lingle SE: Aspects of sucrose transport in stem parenchyma of sweet
sorghum. Plant Physiol. 1987, 83:S-142.

79. Tarpley L, Vietor DM. Compartmentation of sucrose during radial transfer in
mature sorghum culm. BMC Plant Biol. 2007;7:33.

80. Aoki N, Hirose T, Takahashi S, Ono K, Ishimaru K, Ohsugi R. Molecular
cloning and expression analysis of a gene for a sucrose transporter in maize
(Zea mays L.). Plant Cell Physiol. 1999;40:1072–8.

81. Carpaneto A, Geiger D, Bamberg E, Sauer N, Fromm J, Hedrich R.
Phloem-localized, proton-coupled sucrose carrier ZmSUT1 mediates
sucrose efflux under the control of the sucrose gradient and the proton
motive force. J Biol Chem. 2005;280:21437–43.

82. Slewinski TL, Garg A, Johal GS, Braun DM. Maize SUT1 functions in phloem
loading. Plant Sig Behav. 2010;5:687–90.

83. Slewinski TL, Meeley R, Braun DM. Sucrose transporter1 functions in phloem
loading in maize leaves. J Exp Bot. 2009;60:881–92.

84. Rotsch D, Brossard T, Bihmidine S, Ying W, Gaddam V, Harmata M, et al.
Radiosynthesis of 6’-deoxy-6’[18F]fluorosucrose via automated synthesis and
its utility to study in vivo sucrose transport in maize (Zea mays) leaves. PLOS
ONE. 2015;10, e0128989.

85. Milne RJ, Byrt CS, Patrick JW, Grof CP: Are sucrose transporter expression
profiles linked with patterns of biomass partitioning in Sorghum
phenotypes? Front Plant Sci. 2013, 4:223 doi:210.3389/fpls.2013.00223.

86. Qazi HA, Paranjpe S, Bhargava S. Stem sugar accumulation in sweet
sorghum – Activity and expression of sucrose metabolizing enzymes and
sucrose transporters. J Plant Phys. 2012;169:605–13.

87. Bekele WA, Wieckhorst S, Friedt W, Snowdon RJ. High-throughput genomics
in sorghum: from whole-genome resequencing to a SNP screening array.
Plant Biotech J. 2013;11:1112–25.

88. Mace ES, Tai S, Gilding EK, Li Y, Prentis PJ, Bian L, et al. Whole-genome
sequencing reveals untapped genetic potential in Africa’s indigenous cereal
crop sorghum. Nat Commun. 2013;4.

89. Wang M, Xin Z, Tonnis B, Farrell G, Pinnow D, Chen Z, et al. Evaluation of
sweet sorghum as a feedstock by multiple harvests for sustainable
bioenergy production. J Sustain Bioenerg Syst. 2012;2:122.

90. Karlen Y, McNair A, Perseguers S, Mazza C, Mermod N. Statistical significance
of quantitative PCR. BMC Bioinform. 2007;8:131.

91. Tong Z, Gao Z, Wang F, Zhou J, Zhang Z. Selection of reliable reference
genes for gene expression studies in peach using real-time PCR. BMC Mol
Biol. 2009;10:71.

92. Nolan T, Hands RE, Ogunkolade W, Bustin SA. SPUD: a quantitative PCR
assay for the detection of inhibitors in nucleic acid preparations. Anal
Biochem. 2006;351:308–10.

93. Kirschbaum MU. Does enhanced photosynthesis enhance growth? Lessons
learned from CO2 enrichment studies. Plant Physiol. 2011;155:117–24.

94. Long SP, Zhu XG, Naidu SL, Ort DR. Can improvement in photosynthesis
increase crop yields? Plant Cell Environ. 2006;29:315–30.

95. De Souza AP, Gaspar M, Da Silva EA, Ulian EC, Waclawovsky AJ, Dos Santos RV,
et al. Elevated CO2 increases photosynthesis, biomass and productivity, and
modifies gene expression in sugarcane. Plant Cell Environ. 2008;31:1116–27.

96. Vu JCV, Allen Jr LH. Growth at elevated CO2 delays the adverse effects of
drought stress on leaf photosynthesis of the C4 sugarcane. J Plant Phys.
2009;166:107–16.

97. McCormick AJ, Cramer MD, Watt DA. Regulation of photosynthesis by
sugars in sugarcane leaves. J Plant Phys. 2008;165:1817–29.

http://dx.doi.org/210.3389/fpls.2013.00223


Bihmidine et al. BMC Plant Biology  (2015) 15:186 Page 22 of 22
98. McCormick AJ, Watt DA, Cramer MD. Supply and demand: sink regulation of
sugar accumulation in sugarcane. J Exp Bot. 2009;60:357–64.

99. Vicentini A, Barber JC, Aliscioni SS, Giussani LM, Kellogg EA. The age of the
grasses and clusters of origins of C4 photosynthesis. Glob Change Biol.
2008;14:2963–77.

100. Evert RF, Botha CEJ, Mierzwa RJ. Free-space marker studies on the leaf of
Zea mays L. Protoplasma. 1985;126:62–73.

101. Fritz E, Evert RF, Heyser W. Microautoradiographic studies of phloem
loading and transport in the leaf of Zea mays L. Planta. 1983;159:193–206.

102. Heyser W, Evert RF, Fritz E, Eschrich W. Sucrose in the free space of
translocating maize leaf bundles. Plant Physiol. 1978;62:491–4.

103. Barker L, Kühn C, Weise A, Schulz A, Gebhardt C, Hirner B, et al. SUT2, a
putative sucrose sensor in sieve elements. Plant Cell. 2000;12:1153–64.

104. Barth I, Meyer S, Sauer N. PmSUC3: Characterization of a SUT2/SUC3-type
sucrose transporter from Plantago major. Plant Cell. 2003;15:1375–85.

105. Chiou TJ, Bush DR. Sucrose is a signal molecule in assimilate partitioning.
Proc Natl Acad Sci USA. 1998;95:4784–8.

106. Slewinski TL, Zhang C, Turgeon R: Structural and functional heterogeneity in
phloem loading and transport. Front Plant Sci. 2013, 4:244. doi:210.3389/
fpls.2013.00244.

107. Schulz A, Beyhl D, Marten I, Wormit A, Neuhaus E, Poschet G, et al.
Proton-driven sucrose symport and antiport are provided by the vacuolar
transporters SUC4 and TMT1/2. Plant J. 2011;68:129–36.

108. Martinoia E, Meyer S, De Angeli A, Nagy R. Vacuolar transporters in their
physiological context. Annu Rev Plant Biol. 2012;63:183–213.

109. Makita Y, Shimada S, Kawashima M, Kondou-Kuriyama T, Toyoda T, Matsui
M. MOROKOSHI: Transcriptome database in Sorghum bicolor. Plant Cell
Physiol. 2015;56:e6. doi:10.1093/pcp/pcu1187.

110. Slewinski TL, Braun DM. The psychedelic genes of maize redundantly
promote carbohydrate export from leaves. Genetics. 2010;185:221–32.

111. Braun DM, Ma Y, Inada N, Muszynski MG, Baker RF. tie-dyed1 regulates
carbohydrate accumulation in maize leaves. Plant Physiol. 2006;142:1511–22.

112. Huang M, Slewinski TL, Baker RF, Janick-Buckner D, Buckner B, Johal GS,
et al. Camouflage patterning in maize leaves results from a defect in
porphobilinogen deaminase. Mol Plant. 2009;2:773–89.

113. Ma Y, Baker RF, Magallanes-Lundback M, DellaPenna D, Braun DM. Tie-dyed1
and Sucrose export defective1 act independently to promote carbohydrate
export from maize leaves. Planta. 2008;227:527–38.

114. Slewinski TL, Baker RF, Stubert A, Braun DM. Tie-dyed2 encodes a callose
synthase that functions in vein development and affects symplastic
trafficking within the phloem of maize leaves. Plant Physiol. 2012;160:1540–50.

115. Sylvester AW, Cande WZ, Freeling M. Division and differentiation during
normal and liguleless1 maize leaf development. Development.
1990;110:985–1000.

116. Ma Y, Slewinski TL, Baker RF, Braun DM. Tie-dyed1 encodes a novel,
phloem-expressed transmembrane protein that functions in carbohydrate
partitioning. Plant Physiol. 2009;149:181–94.

117. Baker RF, Braun DM. tie-dyed1 functions non-cell autonomously to control
carbohydrate accumulation in maize leaves. Plant Physiol. 2007;144:867–78.

118. Tang AC, Boyer JS. Growth‐induced water potentials and the growth of
maize leaves. J Exp Bot. 2002;53:489–503.

119. Rehrig E, Appel HM, Schultz JC. Measuring ‘normalcy’ in plant gene
expression after herbivore attack. Mol Ecol Res. 2011;11:294–304.

120. Johnston S, Gallaher Z, Czaja K. Exogenous reference gene normalization for
real-time reverse transcription-polymerase chain reaction analysis under
dynamic endogenous transcription. Neur Reg Res. 2012;7:1064.

121. Pfaffl MW. A new mathematical model for relative quantification in real-time
RT–PCR. Nucleic Acids Res. 2001;29:e45–e45.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

http://dx.doi.org/210.3389/fpls.2013.00244
http://dx.doi.org/210.3389/fpls.2013.00244
http://dx.doi.org/10.1093/pcp/pcu1187

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Whole-plant phenotype, biomass, and yield measurements
	Wray accumulates greater amounts of sugar in the stem than Macia
	Sorghum stem phloem tissues are symplasmically isolated from surrounding storage parenchyma cells
	Expression patterns of SbSUTs in mature leaf and stem tissues were generally similar between Macia and Wray
	Wray displays higher photosynthetic performance than Macia

	Discussion
	Superior photosynthesis-related parameters may account for greater solute accumulation in Wray’s stems
	Dye transport studies and the path of sucrose movement in sorghum stems
	Proposed functions of SbSUTs in leaves and stems
	Model for sucrose movement from the phloem to storage parenchyma cells in sorghum stems

	Conclusions
	Methods
	Plant materials and growth conditions
	Growth, biomass, and yield measurements
	Brix content
	Gas exchange and chlorophyll fluorescence measurements
	Stomatal counts
	Dye transport assays
	Total RNA isolation and reverse transcription
	qRT-PCR amplification and data analysis
	Statistical analyses

	Additional files
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



