
Vol.:(0123456789)1 3

Planta (2021) 254:80 
https://doi.org/10.1007/s00425-021-03718-w

ORIGINAL ARTICLE

Physiology and whole‑plant carbon partitioning during stem sugar 
accumulation in sweet dwarf sorghum

Benjamin A. Babst1,2   · Abhijit Karve1,3 · Anthony Sementilli1,4,5 · Ismail Dweikat6 · David M. Braun7

Received: 4 June 2021 / Accepted: 30 August 2021 / Published online: 21 September 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
Main conclusion  A greater rate of phloem unloading and storage in the stem, not a higher rate of sugar production 
by photosynthesis or sugar export from leaves, is the main factor that results in sugar accumulation in sweet dwarf 
sorghum compared to grain sorghum.

Abstract  At maturity, the stem internodes of sweet sorghum varieties accumulate high concentrations of fermentable sug-
ars and represent an efficient feedstock for bioethanol production. Although stem sugar accumulation is a heritable trait, 
additional factors that drive sugar accumulation in sorghum have not been identified. To identify the constraints on stem 
sugar accumulation in sweet sorghum, we used a combination of carbon-11 (11C) radiotracer, physiological and biochemical 
approaches, and compared a grain sorghum and sweet dwarf sorghum line that have similar growth characteristics including 
height. Photosynthesis did not increase during development or differ between the sorghum lines. During the developmental 
transition to the reproductive stage, export of 11C from leaves approximately doubled in both sorghum lines, but 11C export 
in the sweet dwarf line did not exceed that of the grain sorghum. Defoliation to manipulate relative sink demand did not 
result in increased photosynthetic rates, indicating that the combined accumulation of C by all sink tissues was limited by 
the maximum photosynthetic capacity of source leaves. Nearly 3/4 of the 11C exported from leaves was transported to the 
lower stem in sweet sorghum within 2 h, whereas in grain sorghum nearly 3/4 of the 11C was in the panicle. Accordingly, the 
transcripts of several sucrose transporter (SUT) genes were more abundant in the stem internodes of the sweet dwarf line 
compared to the grain sorghum. Overall, these results indicate that sugar accumulation in sweet sorghum stems is influenced 
by the interplay of different sink tissues for the same sugars, but is likely driven by elevated sugar phloem unloading and 
uptake capacity in mature stem internodes.
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Introduction

Accumulation of soluble carbohydrates in stem internodes 
of “sweet” varieties of sorghum (Sorghum bicolor) is valu-
able for sorghum syrup production, and it also has great 
potential as a bioenergy feedstock (Dweikat et al. 2012; 
Gelli et al. 2016; Rooney et al. 2007; Bihmidine et al. 
2013). Like sugarcane, the soluble sugars can be pressed 
from high biomass sweet sorghum stems as a syrup, which 
can be directly fermented without the energy-intensive 
processing necessary to liberate sugars from lignocellu-
losic materials (Bryan 1990; Prasad et al. 2007). Unlike 
sugarcane, sorghum can be grown in temperate climates, 
and has lower water and nutrient requirements (Calvino 
and Messing 2012; Murray et al. 2008; Olson et al. 2013; 
Rooney et al. 2007).

The sugars accumulated in sorghum stems originate 
in leaves, derived from the products of photosynthesis. 
Studies of sugarcane indicate that the capacity of stems to 
take up sugars can be a limiting factor in some conditions, 
rather than the photosynthetic capacity of leaves (McCor-
mick et al. 2006, 2008). It is not clear that sugarcane is 
sink limited in all conditions, or whether sink limitation 
may occur in sorghum also.

Like all aspects of plant growth, development and yield, 
transport of sugars produced in leaves is crucial to sugar 
accumulation. Sugars are transported from leaves to other 
parts of the plant by bulk flow through the phloem (Rennie 
and Turgeon 2009; Knoblauch and Peters 2010). Sucrose 
is the primary transport sugar in sorghum and that sucrose 
is loaded into the phloem through an apoplastic pathway 
(Bihmidine et al. 2015; Milne et al. 2013), as in the closely 
related Zea mays (Babst et al. 2013; Lohaus et al. 2000; 
Ohshima et al. 1990; Weiner et al. 1991; Slewinski et al. 
2009, 2010). Export of sucrose from the leaf may be con-
trolled by biochemical partitioning of carbon to glucose, 
starch and sucrose within the leaf, by efflux of sucrose 
into the apoplast by SWEET transmembrane channels, 
and by uptake from the apoplast into companion cells by 
sucrose transporters (SUTs) (Babst et al. 2013; Slewinski 
and Braun 2010; Bihmidine et al. 2015, 2016; Baker et al. 
2016; Bezrutczyk et al. 2018). These controls on phloem 
loading could possibly be choke points for the transport 
and accumulation of sucrose in stems.

In addition to carbon export from source leaves, phloem 
unloading can be a crucial determinant of carbon partition-
ing (Lacointe and Minchin 2008). Unloading of sugars 
from the phloem may involve either apoplastic or sym-
plastic pathways (Bihmidine et al. 2013; Patrick 2013; 
Ross-Elliott et al. 2017), and may change during different 
developmental stages (Viola et al. 2001). In sweet sor-
ghum stems, SUT gene expression and dye transport assays 

indicate an apoplastic unloading pathway at the sugar 
accumulating stage (Bihmidine et al. 2015). Thus, the 
accumulation of sugars in sweet sorghum stems could be 
limited by photosynthetic capacity, export of sugars from 
leaves through the phloem, and the capacity to unload 
sucrose from the phloem, and/or store it in storage tissues 
in the stem.

Here, we compare one sweet and one grain sorghum line 
to elucidate the basis for the differences in carbon partition-
ing between these two varieties of the same species. While 
sweet sorghum varieties accumulate soluble sugars to high 
concentrations at maturity, grain varieties generally do not, 
instead channeling carbohydrates toward starch accumula-
tion in the panicle. One challenge in comparing grain and 
sweet sorghum lines is that grain sorghum varieties typically 
have been bred for dwarf phenotypes to avoid lodging due to 
the weight of the large panicle, and so are much shorter than 
sweet sorghum lines and typically begin anthesis earlier. To 
isolate differences in carbon partitioning that are relevant 
to sugar accumulation rather than stem elongation, we used 
an early maturing “sweet dwarf” sorghum line (Gorz et al. 
1990). Another long-standing challenge to studying carbon 
partitioning has been limited availability of technology to 
measure instantaneous or short-term rates of carbon parti-
tioning. We fed carbon-11 (11C) to leaves as 11CO2, and used 
gamma detectors and positron emission tomography (PET) 
imaging to measure carbon partitioning in grain and sweet 
dwarf sorghum varieties over the course of development. 
Together with physiological, biochemical, and molecular 
assays, we tested whether stem sugar accumulation is driven 
by increased photosynthetic rates in source leaves, increased 
phloem loading and export of carbon from leaves, or phloem 
unloading into sink tissues, which provided insights into the 
control of sugar accumulation in this important biofuel crop.

Materials and methods

Plant material and growth conditions

The sweet dwarf sorghum line, N98 (PI 535783), used in this 
study was the result of multiple crosses of AN39, (N4692-
Rio)4, ‘Waconia’ sweet sorghum, and ‘Fremont’ forage 
sorghum parentage to generate sweet sorghum lines with 
shorter time to maturity (Gorz et al. 1990). Seeds of grain 
sorghum (Macia), and sweet dwarf sorghum (N98) were 
soaked overnight in deionized water and sown in potting 
mix (2:1:1, Promix BX™:sand:perlite) supplemented with 
16 g of Osmocote® Plus (15:9:12, N:P:K) in 14.9 L pots. 
The plants were grown in a greenhouse maintained at 16 h 
photoperiod with supplemental HID lighting in the morn-
ing and at night, and 30/24 °C day/night temperature. To 
acclimate the plants to the conditions of the 11CO2 labeling 
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chamber, the greenhouse-grown plants were transferred to 
a Conviron® growth chamber maintained at 28/22 °C day/
night temperature cycle, 50% RH and 600 µmol m−2 s−1 of 
light intensity 4 d before 11CO2 labeling. Plant heights were 
measured from the soil surface to the uppermost visible leaf 
collar. Stem diameters were measured using calipers at 5 cm 
above the soil surface. For dry biomass, we separated plant 
leaf, stem, seedhead, and root tissues (cleaned of soil matter) 
and dried them at 60 °C until tissues no longer decreased 
in mass between measurements on subsequent days (about 
1 week).

11CO2 administration

To study the changes through development, carbon parti-
tioning was measured in sorghum plants using 11CO2 from 
28 days after planting (DAP) (early vegetative, 5 leaf stage) 
through 110 DAP (grain filling stage). 11CO2 was produced 
using an EBCO T19 cyclotron by 14N(p,α)11C nuclear trans-
formation (Ferrieri and Wolf 1983) and was captured on 
either a stationary or portable molecular sieve trap as previ-
ously described (Babst et al. 2013; Karve et al. 2015; Kim 
et al. 2014). To administer the tracer, the trap was heated to 
350 °C to release the 11CO2 as a 1 min pulse in a continu-
ous airflow, with a flow rate of 0.02 L min−1, to a single 
leaf in a 0.06 L leaf cuvette lit by red–blue LED arrays, 
with light intensity of 800 µmol m−2 s−1. The photosynthetic 
leaves fixed a proportion of the 11CO2 administered, incor-
porating the 11C into a variety of biochemicals (e.g., sugars, 
starch, amino acids, lipids, etc.) together termed “photoas-
similate.” A proportion of the 11C-labeled photoassimilate 
was exported from the leaf via the phloem to other parts of 
the plant. A radiation detector attached to the leaf cuvette 
allowed measurement of the amount of 11C administered, 
and the proportion of the 11C that was fixed by the leaf 
(“11C-fixation”).

Whole‑plant carbon partitioning

After 2 h, we measured the partitioning of recently fixed car-
bon to different parts of the grain and sweet sorghum plants. 
Younger plants (28–63 DAP) were dissected and measured 
by direct radioactivity counting using a NaI scintillation 
detector with a large field of view on a sample container 
positioned with a fixed distance from the detector window 
to minimize geometry effects. The detector was calibrated 
by measuring samples of known radioactivity placed in 
the fixed geometry sample container. For direct radioac-
tivity counting, the plant was dissected into, (1) the load 
leaf—defined as the leaf to which 11CO2 was fed, (2) the 
subtending internode—the internode with direct vascular 
connections to the load leaf, (3) the lower stem—the part 
of the culm below the subtending internode after removing 

the attached leaf sheaths, (4) the apex—the part of the plant 
above the subtending internode including the young devel-
oping leaves, and (5) the rest of the leaves—all leaves other 
than the load leaf and the young developing leaves. Direct 
radioactivity counting of the roots in situ or by first washing 
the roots was not possible, due to the magnitude of geom-
etry effects of roots distributed throughout the large pot, 
and the time constraints of the 11C half-life. For analysis of 
11C-partitioning in mature plants (70–110 DAP), which were 
too large for the direct radioactivity counting method, the 
entire plant was scanned in an HR + PET scanner (Siemens, 
Germany) operated by ECAT software (version 7.2.2) in 
15 cm segments, as previously described (Karve et al. 2015). 
Prior to 11CO2 administration, an automated transmission 
scan was performed on each segment for 4 min, whereby 
radioactive rods (68Ge) within the PET scanner ring were 
sequentially exposed to measure and correct for plant tissue 
and soil attenuation of radioactivity in a spatially explicit 
manner. At 2 h following 11CO2 administration, each 15 cm 
segment was scanned for 4 min to measure radioactive emis-
sions from 11C in the plant. At the end of the whole-plant 
scan, a 3-D image of 11C distribution was reconstructed 
showing the total counts corrected for decay and for tis-
sue attenuation using ECAT software (version 7.2.2). The 
3-D images were analyzed using Amide software (ver. 1.0.4; 
http://​amide.​sourc​eforge.​net/) (Loening and Gambhir 2003), 
by drawing a region of interest in the 3-D image around the 
load leaf, subtending internode, lower stem, apex and roots 
(see Fig. 5a). The activity from the rest of the leaves was 
determined by subtracting the sum of the load leaf, subtend-
ing internode, lower stem, apex, and root activity from the 
total plant radioactivity. All the data were decay corrected 
back to the time 11CO2 was pulse administered to the load 
leaf and partitioning expressed as percent of the total activity 
exported from the load leaf.

Measurement of sugars

Soluble sucrose, glucose and fructose were extracted and 
analyzed as described (Babst et al. 2013). Plant tissues were 
frozen in liquid nitrogen and ground to a fine powder using 
a stainless steel ball mill (MM400, Retsch Inc., Newtown, 
PA, USA). Approximately, 100 mg of frozen homogenized 
tissue powder was weighed, and extracted in cold 75% 
methanol (400 µl per 100 mg) in an ice-cold ultrasonica-
tion bath for 10 min. Samples were centrifuged at 16,000 × g 
for 2 min to pellet plant tissue residue and 1 µL of each 
supernatant was spotted onto 10 cm NH2-bonded silica high 
performance thin-layer chromatography (HPTLC) using a 
Linomat 5 semi-automatic precision applicator (Camag Sci-
entific Inc., Wilmington, NC, USA). Sugars were separated 
on the HPTLC plates using a 75%:25% acetonitrile:H2O 
solvent system, heat-activated at 200 °C for 10 min, and 

http://amide.sourceforge.net/
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photographed under long-wave UV irradiance to quantify 
the concentrations of glucose (Rf: 0.23), fructose (Rf: 0.28), 
and sucrose (Rf: 0.17). Each plate included authentic sugar 
standards at five different concentrations for a calibration 
curve. Images of developed HPTLC plates were imported 
and analyzed in ImageQuant TL 1D software (Ver. 7.0, GE 
Healthcare Biosciences Corp, Pittsburgh, PA, USA) and 
sugar concentrations determined as the amount of sugar per 
gram of fresh tissue mass.

Photosynthetic gas exchange

For the defoliation experiment, the maximum photosynthetic 
rate was measured for the third fully expanded leaf of 60–70 
DAP plants immediately before defoliation, and again 1, 4, 
and 7 days after defoliation. The defoliation treatment com-
prised removing all leaf blades with a sharp razor except 
the third fully expanded leaf, similar to Vietor and Miller 
(1990). Maximum photosynthetic rate was measured using 
a Li-Cor 6400XT with PAR set to 2000 µmol m−2 s−1, block 
temperature at 30 °C, which was very close to the green-
house temperature, reference CO2 at 600 ppm, and flow rate 
of 250 µmol s−1. The cuvette was clamped midway along 
the leaf, avoiding the midrib for 10–15 min until the photo-
synthetic rate was stable for several minutes. Additionally, 
A/Ci curves were generated for the leaf with direct vascular 
connections to internode 8, which accumulated the highest 
sugar concentrations, in 40–50 DAP (vegetative stage) and 
70–80 DAP (reproductive stage) plants. Reference CO2 was 
varied, while PAR was set to 2000 µmol m−2 s−1, RH to 
about 50%, and flow to 500 µmol sec−1.

RNA extraction and qPCR analysis

Stem tissues of reproductive stage plants were flash fro-
zen in liquid nitrogen, ground to fine powder, and stored 
at − 80 °C. Total RNA was extracted from internode tis-
sues using a Spectrum™ Plant Total RNA Extraction Kit 
(Sigma-Aldrich, St. Louis, MO, USA). On-column DNase I 
treatment (Sigma-Aldrich) was performed according to the 
manufacturer’s protocol to remove genomic DNA contami-
nation. The cDNA synthesis was carried out with 500 ng of 
RNA using a M-MuLV first strand synthesis system (New 
England Biolabs, Ipswich, MA, USA). Quantitative PCR 
amplification reactions were carried out using iQ™ SYBR® 
Green Supermix with ROX (Bio-Rad, Hercules, CA, USA) 
according to instructions provided, except being scaled down 
to 15 µL total reaction volume. PCR amplification reactions 
were performed in triplicate for each gene-specific primer 
pair (Supplemental Table 1) under the following temperature 
program: 95 °C for 10 min, 40 cycles of 95 °C for 15 s, 60 °C 
for 25 s and 72 °C for 30 s, followed by a melting curve for 
reaction validation. Gene expression was normalized by the 

endogenous control gene, Sorghum bicolour EF1α (SbEF1α; 
Qazi et al. 2012). The forward and reverse primers used 
in the qPCR were designed using Primer3 Express (Rozen 
and Skaletsky 1999). All PCR amplification reactions were 
performed on the RNA extracted from the tissue of three 
biological replicates. Relative mRNA abundance was cal-
culated using the Pfaffl method (Pfaffl 2001). Three tech-
nical replicates were assayed for each cDNA sample and 
the values averaged. The efficiency of each primer pair was 
assessed by the use of a template dilution series. Results are 
expressed as relative expression values (i.e., > 1 represent 
upregulation relative to the reference group and values < 1 
represent downregulation relative to the reference group).

For all experiments, statistical significance was assessed 
using unpaired Student’s t test to compare results for the 
grain vs. sweet dwarf sorghum at the p ≤ 0.05 level, n = 3 for 
most data sets unless otherwise noted in the figure captions. 
For morphological data, n = 10.

Results

A sweet dwarf sorghum line was selected to minimize the 
plant growth differences between the grain and sweet lines 
used in this study, except for sugar accumulation in the stem. 
The most notable morphological difference was the seed-
head dry mass, which was three to four times higher in grain 
than sweet dwarf sorghum (Fig. 1). There were some other 
minor differences that appeared during later growth stages 
between the sweet dwarf and grain lines, such as slightly 
more leaves and slightly lower root biomass in grain than 
sweet dwarf sorghum (Fig. 1). Flowering began at 56 days 
after planting for grain sorghum, and about 1 week later at 
63 days after planting for sweet dwarf sorghum, based on 
flag leaf formation and dissection to observe reproductive 
structures, which initially form at the shoot apex within the 
sheaths of the youngest leaves before emerging. Otherwise, 
the grain and sweet dwarf sorghum plants were similar in 
height, stem diameter, and shoot dry weight (Fig. 1).

Sugar accumulation in sorghum internodes coincided 
with the initiation of flowering. During the vegetative stage 
(42 days after planting), the sugar content of the middle 
internode 8 did not differ between grain and sweet dwarf sor-
ghum (Fig. 2). As the plants transitioned from the vegetative 
to the reproductive stage (56–110 days after planting), the 
sugar content of these internodes increased about threefold 
and sixfold compared to the vegetative levels, in grain and 
sweet dwarf sorghum, respectively (Fig. 2a). In the sweet 
dwarf line, sugar concentrations were generally elevated the 
most in the middle internodes, and to a lesser extent in the 
lower internodes (Fig. 2b).

We tested the possibility that sugar accumulation is due 
to an increased rate of photosynthesis or increased export 
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rate of photoassimilate from leaves in sweet dwarf sorghum. 
Photosynthesis in the sweet dwarf line was not higher than 
in grain sorghum across a range of internal CO2 (Ci) con-
centrations either at the vegetative or reproductive stages 
(Fig. 3a and b, respectively). Fixation of 11CO2, fed as a 
30 s. pulse to leaves, declined late in the reproductive stage, 
perhaps reflecting the progression of leaf senescence at 
this late stage, but again did not differ between genotypes 
(Fig. 3c). The proportional export of 11C-labeled photoas-
similate from leaves increased during development (Fig. 3d). 
This increased export occurred slightly earlier in grain sor-
ghum than sweet dwarf sorghum, which corresponded with 
the slightly earlier onset of reproductive development in the 
grain sorghum line. Notably, however, the C-export rate 
was not higher in sweet dwarf sorghum than grain sorghum 
during the sugar accumulation stage (70–110 days after 
planting).

To determine whether the sorghum lines were limited by 
sink demand or source capacity, we removed leaves from 

sorghum plants to increase the relative ratio of sink-to-
source tissue and measured the photosynthetic response. The 
photosynthetic rates changed slightly day-to-day similarly 
for both genotypes during the experiment, presumably due 
to slight changes in the greenhouse microclimate (Fig. 4a, 
b). Upon defoliation, we found a transient dip in photosyn-
thetic rates in the remaining leaf relative to the same leaf 
position on control plants (Fig. 4). This type of decrease in 
photosynthesis has been reported previously in other species 
and may be a stress-type response to foliar damage (Nabity 
et al. 2009). However, within 4 days following defoliation, 
photosynthesis in the defoliated plants had quickly recovered 
to similar rates as control plants in both grain and sweet 
dwarf sorghum and remained similar 1 week after defolia-
tion (Fig. 4).

Since photosynthetic carbon assimilation and export of 
assimilated carbon did not differ between grain and sweet 
dwarf sorghum, we tested whether the difference in sugar 
accumulation might be due to differences in partitioning of 
photoassimilates throughout the plant. Two hours after feed-
ing 11CO2, 11C distribution throughout the plant was meas-
ured. In all stages, very little 11C-photoassimilate (< 0.001%) 
was translocated to other mature leaves (Fig. 5a), indicating 
that these other leaves were photosynthetically self-sufficient 
and were not importing photoassimilate from the labeled 
leaf. Increased 11C export from the source leaf during the 
reproductive stage in both sorghum lines was reflected by 
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a decrease in 11C remaining in the source leaf at the end 
of the 2 h period (Fig. 5b). Partitioning of 11C to the inter-
node subtending the labeled leaf increased and remained 
high in sweet dwarf sorghum throughout the reproductive 
stage, but increased only transiently in grain sorghum at 
the onset of the reproductive stage (Fig. 5d). The pattern of 
increasing 11C partitioning to the lower stem was similar to 
the subtending internode, although the differences between 
grain and sweet dwarf sorghum were less pronounced 
(Fig. 5e). Combined, the subtending internode and lower 
stem accounted for about 3/4 of all 11C exported from the 
sweet dwarf leaf. We were not able to measure partition-
ing to roots in young plants, but in mature reproductive 
plants, the sweet dwarf line partitioned a higher proportion 
of 11C to roots (6.5 ± 0.073%) than did the grain sorghum 
line (0.05 ± 0.0001%). In contrast, 11C partitioning to the 
apex reached higher levels in grain sorghum than in sweet 
dwarf sorghum, especially during the reproductive stage 
when 3/4 of all 11C exported from grain sorghum leaves 
was found in the seedhead (Fig. 5c). Since 11C export from 
grain and sweet dwarf sorghum source leaves was similar, 

sugar accumulation in sweet dwarf sorghum appears to be 
driven not by changes in the total supply of sugars from the 
leaves (Fig. 3d), but by differences in the partitioning of 
those sugars between different sink tissues (Fig. 5).

Since sucrose is the main form of carbon transported in 
the phloem, is unloaded apoplastically in maturing stems, 
and is stored in stem parenchyma cells of sorghum (Babst 
et al. 2013; Bihmidine et al. 2015), we examined expres-
sion during sugar accumulation of sucrose transporters 
(SUTs), which are directly implicated in sucrose uptake 
into cells, as well as several homologs of genes that were 
sugar-responsive in sugarcane (Papini-Terzi et al. 2009). In 
our sorghum plants, expression levels of SbSUT1, SbSUT2, 
SbSUT4, and SbSUT6 were elevated in sweet dwarf inter-
nodes compared to grain sorghum internodes (Fig. 6). Sugar 
accumulation was highest in the middle and lower inter-
nodes (Fig. 2b), which is also where SbSUT1, SbSUT4, and 
SbSUT6 expression was elevated. There was no expression 
of SbSUT3 detected, as in previous studies (Bihmidine 
et al. 2015; Milne et al. 2017). Expression of several sugar-
responsive genes was similar to expression of homologs 
previously reported in sugarcane (Papini-Terzi et al. 2009). 
Expression of SbMYB3-like and SbSnRK1 in sweet dwarf 
sorghum sugar-accumulating internodes was low compared 
to grain sorghum internodes (Fig. 6f, g). On the contrary, 
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the expression of SbMAPK4 was uniformly high in sweet 
sorghum, but progressively lower in the middle and upper 
internodes of grain sorghum (Fig. 6h).

Discussion

The fact that photosynthetic rates were similar between 
grain and sweet dwarf sorghum suggests that stem sugar 
accumulation is not driven by altered photosynthetic rates. 
Increasing the sink demand relative to source leaves by defo-
liation did not result in increased photosynthesis in either 
grain or sweet dwarf sorghum. In sugarcane, this defoliation 
approach indicated that increasing the relative sink demand 
may upregulate CO2 assimilation in the source leaves, 
implying that the source leaves are not already operating 
at maximum capacity in some circumstances (McCormick 
et al. 2006, 2008). At least under the conditions of our study, 
both the grain and sweet dwarf sorghum lines appeared to be 
limited by source leaf photosynthetic capacity, not by sink 
uptake of photoassimilates. Hence, a mechanism other than 
altered photosynthetic rates must be responsible for sugar 
accumulation in sweet sorghum.

In both sorghum lines, we observed an increase in the 
proportion of fixed carbon that was exported from sorghum 

leaves during the transition from the vegetative to the repro-
ductive stage. Changes in sugar export are likely mediated 
by the SWEETs and SUTs that are involved in phloem load-
ing (Bihmidine et al. 2016), although SUT expression in 
mature leaves was reported to be similar at the vegetative 
and reproductive stages (Milne et al. 2013). Coinciding with 
the increased carbon export, there was a transient spike in 
carbon partitioning to grain sorghum stems at the onset of 
reproduction. This is consistent with the transient accumula-
tion of carbohydrates in stems of other monocot grain crops, 
such as wheat, during the transition to the reproductive stage 
(Scofield et al. 2009). Although transient carbohydrate accu-
mulation could result from a change in metabolism within 
the stem favoring carbohydrate storage over utilization, our 
data suggest that increased photoassimilate export from 
leaves makes an important contribution. However, increased 
export was not the cause of the sustained sugar accumula-
tion in sweet dwarf sorghum, because the export of carbon 
from leaves was no greater in sweet dwarf sorghum than in 
grain sorghum.

Instead, sugar accumulation in sweet sorghum internodes 
appears to be dependent on processes within the stem that 
determine photoassimilate partitioning among the differ-
ent sink tissues (e.g., stems and reproductive structures). 
At a whole-plant level, photoassimilate partitioning may be 
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determined by differences in demand between multiple com-
peting sinks (Lacointe and Minchin 2008; Minchin 2007). 
By this model, sugar accumulation in stems could be driven 
by increased capacity for uptake into stem storage tissues, 
but it is also possible that decreased demand in other sink 
tissues could result in greater sugar availability for stem tis-
sues to take up. The other major sinks in sorghum at the 
sugar accumulating stage are the roots and seedheads. The 
roots had slightly higher 11C partitioning in dwarf sweet sor-
ghum, which would not make more sugar available to stems, 
but the panicle had much lower 11C partitioning in the dwarf 
sweet sorghum than the grain sorghum, which is consistent 
with the “competing sink” model. Although reduced sink 
strength of the panicle may contribute, sugar accumulation 
likely is not simply a function of reduced photoassimilate 
demand by the seedhead. Indeed, sugar accumulation does 
not correlate tightly with grain yield (Gutjahr et al. 2013), 
and some sweet sorghum varieties that accumulate a high 
sugar concentration in the stem also develop a moderately 
large panicle (Rutto et al. 2013). Removal of the reproduc-
tive sink of sweet sorghum plants (i.e., by removing the pani-
cle, or by comparing near isogenic fertile and sterile lines) 

does not necessarily alter the sugar concentrations in the 
stem, particularly for varieties that accumulate sugars in the 
stem prior to anthesis (Fortmeier and Schubert 1995; Gut-
jahr et al. 2013). Also, there are substantial QTLs for sugar 
accumulation that do not colocalize with QTLs for grain 
yield (Murray et al. 2008). These data suggest that lower 
demand for carbon in the panicle does not fully account for 
the increased partitioning of sugars to sweet sorghum stems.

Since sugar uptake into storage tissues is not a passive 
process, it is likely that accumulation of high sugar concen-
trations requires stems with high sink demand. Sink demand 
is largely controlled by the capacity of the sink for phloem 
unloading, which in turn may be limited by the capacity of 
the sink tissue for storage and/or utilization of carbohydrates 
(Arnold and Schultz 2002; Viola et al. 2001; Bihmidine et al. 
2013). In sugar-accumulating sweet sorghum stems, sucrose 
is both the primary transport form and storage form of car-
bon. Sucrose is unloaded apoplastically and stored in stem 
parenchyma cells, which are symplastically isolated from 
the phloem (Bihmidine et al. 2015). However, this pathway 
is not universal, and sugarcane stems have been reported to 
unload sucrose from the phloem symplastically into storage 

Fig. 6   Expression of sucrose 
transporters and homologs of 
sucrose-responsive genes in 
stem internodes of grain and 
sweet sorghum. Relative expres-
sion of SbSUT1 (a), SbSUT2 
(b), SbSUT4 (c), SbSUT5 
(d), SbSUT6 (e), SbSnRK1 
(f), SbMYB3-like (g), and 
SbMAPK4 (h) were measured 
by qPCR in the upper, middle, 
and lower internodes. Bars are 
means ± SE; n = 3
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parenchyma cells, and then store the sucrose in the vacuoles 
and the surrounding apoplast (see Bihmidine et al., 2013 for 
discussion). In sweet sorghum stems, unlike the apoplastic 
unloading that occurs in many growing tissues, the majority 
of sucrose is not hydrolyzed by cell wall invertases, taken 
up as hexoses, and then reassembled inside the storage cells 
(Hoffmann-Thoma et al. 1996; Qazi et al. 2012; Tarpley 
et al. 1994; Tarpley and Vietor 2007). Rather, sucrose is 
unloaded and transferred to the storage cells as intact sucrose 
(Tarpley and Vietor 2007; Bihmidine et al. 2013).

Uptake of sucrose from the apoplast to stem parenchyma 
cells is likely mediated by one or more SUTs (Bihmidine 
et al. 2015). Higher expression in sweet dwarf sorghum than 
grain sorghum suggests that SbSUT1, SbSUT4, and SbSUT6 
could be involved in sugar accumulation in middle inter-
nodes, perhaps through direct uptake into storage paren-
chyma cells. Previous reports on expression of SUTs found 
similar tissue expression patterns, but each found slightly 
different patterns of differential SUT expression between 
various sweet and grain sorghum cultivars (Bihmidine 
et al. 2015; Milne et al. 2013; Qazi et al. 2012). Compar-
ing middle internodes across studies, SUT1 and SUT2 were 
expressed at high levels, SUT3 was not expressed, and SUT5 
and SUT6 were expressed at relatively low levels both here 
and in previous studies (Bihmidine et al. 2015; Milne et al. 
2013; Qazi et al. 2012). SUT4 expression was lower than 
SUT1 and SUT2 here and in Bihmidine et al. (2015), but 
was close to SUT1 and SUT2 expression levels reported by 
Qazi et al. (2012) and Milne et al. (2013). In all of the previ-
ous studies, comparison between grain and tall sweet sor-
ghum varieties required either comparison of different devel-
opmental stages, or sampling of tissues at different times 
(e.g., 37 days between sampling of internodes from grain 
and sweet sorghum varieties in Milne et al. 2013). Thus, 
either developmental differences or environmental differ-
ences between grain and sweet sorghum plants may explain 
some of the variability among the different studies. In the 
present study, because we selected sweet and grain sorghum 
lines with similar timing of development, internode tissues 
for qPCR were sampled at the same time and the same devel-
opmental stage for both sweet and grain sorghums. Recently, 
Milne et al. (2017) suggested that SbSUT1 and SbSUT5 
are involved in sucrose uptake to storage parenchyma cells 
in sweet sorghum stems, based on developmental expres-
sion patterns and localization. SUTs function as proton: 
sucrose symporters and use the energy stored in the proton 
motive force across the plasma membrane to move sucrose 
up its concentration gradient (Lalonde et al. 2004; Sauer 
2007; Sivitz et al. 2005). Our data showing upregulation of 
SbSUT1 in dwarf sweet sorghum internodes support a role 
for SbSUT1 in taking up sugars into cells in maturing stems, 
potentially directly into storage parenchyma cells, although 
other cell types are also possible (Bihmidine et al. 2013). 

In addition, a possible regulatory role was suggested for 
SbSUT2 (SbSUT4 by Milne’s nomenclature) in the release 
of sucrose from vacuoles in storage parenchyma cells during 
internode elongation (Milne et al. 2017). Consistent with 
this finding, in our study SbSUT2 was upregulated only in 
upper internodes of sweet dwarf sorghum, which did not 
accumulate sugars relative to grain sorghum. It has been pro-
posed that sucrose is leaked from phloem by a SWEET chan-
nel, pumped into storage parenchyma cells by SUTs, and 
then pumped into vacuoles by tonoplast sugar transporters 
(TSTs) (Bihmidine et al. 2015, 2016). Multiple QTLs relat-
ing to sugar accumulation have been localized near several 
SUT, SWEET, and TST genes (Bian et al. 2006; Felderhoff 
et al. 2012; Guan et al. 2011; Murray et al. 2009; Shiringani 
et al. 2010). It is possible that the rate-limiting step of stem 
sugar accumulation may be dynamic, such that SUTs are the 
rate-limiting step some of the time but not always. Future 
work will be necessary to resolve the roles of SUTs and 
other sugar transporters in sweet sorghum stems.

The transient accumulation of carbohydrates in grain 
crops such as grain sorghum and wheat, suggests that export 
from leaves increases before the sink demand increases in 
reproductive structures, but it is not clear what purpose this 
offset in timing serves. It has been suggested that these car-
bohydrates stored in stems, when remobilized, may give a 
transient boost to the supply of carbon and energy for the 
growth of reproductive structures (Scofield et al. 2009). 
However, we observed here that the partitioning of recently 
fixed carbon from leaves to the reproductive structures can 
be quite high in grain sorghum (i.e., 30% of all assimilated 
11C), which suggests that leaves have ample capacity to 
supply carbon and energy directly, rather than through a 
transient storage pool. Increased sugar export from leaves 
serves as a signal promoting flower development (Wang 
et al. 2021). Perhaps, the sugar accumulation in stems that 
occurred concomitant with increased export from leaves in 
sorghum may play a role in the vegetative-to-reproductive 
phase transition. Alteration of sugar signaling pathways 
could result in both the reduced seedhead growth and the 
increased accumulation of sugar in stems that occur in sweet 
sorghum. The differential expression of sugar-responsive 
genes that we observed between grain and sweet dwarf sor-
ghum lends some support to this hypothesis.

Overall, identifying a mechanism for reduced photoassim-
ilate demand in the panicle may present a possible avenue 
to enhance photoassimilate availability to sugar accumulat-
ing stems, but recent studies indicate that tradeoffs between 
seed yield and stem sugar yield are not straight forward. Our 
results indicate that future research should focus on phloem 
unloading in the stem, not on photosynthesis in or export 
of carbon from leaves, to identify the mechanism driving 
sugar accumulation in sweet sorghum stems. Understanding 
this phloem unloading mechanism may lead to an effective 
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approach to further enhance sugar accumulation in sweet 
sorghum stems, or to develop this trait in other crop species.
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