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Extracting soluble sugars from living plants:
Investigation of the sugar extraction method via the SWEET sugar transporter
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To develop a methodology that leads to the reduction in the cost for obtaining bioproducts, we tried to
extract sugars, the major products of photosynthesis, nondestructively from living plants. Our strategy was
1) to increase the sugar levels in the extracellular space (apoplast) of the leaves by promoting the efflux of
intracellular sugars via a sugar efflux transporter, SWEET, and then 2) enhancing the exudation of sugar-
rich apoplastic fluid from the leaf apoplasts to the exterior through guttation on the tips and margins of
leaves.

Arabidopsis has 17 SWEET isogenes (AtSWEETS). In this study, we produced SWEET-overexpressing
Arabidopsis for all the 17 AtSWEETs, and analyzed each transgenic line in light of the soluble sugar con-
tent of their guttation fluids. We found that Cladelll AtSWEETs had remarkably increased sugar levels in
their guttation fluids. Among the Cladelll AtSWEETs, the guttation fluid from the A(SWEETI2-
overexpressed Arabidopsis showed the highest level of sugar: 10.2 + 2.0 mM sugar (total monosaccharide
equivalent; 3.1 £ 0.6 uM in wild type). Furthermore, when the Cladelll OsSWEET3 was overexpressed
in rice, the guttation fluids contained 185.6 + 32.8 mM sugar on average (4.9 = 2.1 uM in wild type). In
conclusion, our two-step strategy using SWEET-overexpression and guttation, appears promising for ex-
tracting sugars nondestructively from living plants.

[Key words: SWEET, sugar transporter, bioproduct, sucrose, apoplast]
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Fig. 1. The two-step strategy to extract sugars nondestructvely
by overexpressing SWEET sugar effluxers. (A). In step 1,
sucrose, synthesized in the cytosol of a leaf cell, is effluxed
into the apoplast via the SWEET sugar effluxer, located on the
plasma membrane (D). In step 2, the apoplastic sucrose is
exuded as guttation fluid via hydathodes on the tip and margins
of a leaf (). (B). A typical image of guttation fluids produced
on the abaxial surfaces of the leaves of Arabidopsis. Such
fluids were collected with a micro-pipette, and subjected to
quantitative analysis of their sugar contents.
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Table 1.

Locus No. of Arabidopsis and rice SWEET genes and the primers used for RT-PCR

Clade Gene name Locus No. Primer name Origin Nucleotide sequence (5'-3") size (bp)
AtSW1-8F TCGCTCACACTATCTTCG
AtSWEETI Atlg21460 A. thaliana 466
AtSW1-473R ACACTCTTCGTCTTTACC
AtSW2-20F TGCTTCTTTATCCATGTG
I AtSWEET?2 At3g14770 A. thaliana 594
AtSW2-613R TTCCTATTCCATTTGGTG
AtSW3-39F AACGGAGCTTCTCTGTTG
AtSWEET3 At5g53190 A. thaliana 562
AtSW3-600R AGTCGCAACCATATTAGG
AtSW4-118F AGGAGTACAAAGCTGACC
AtSWEETH4 At5g53190 A. thaliana 500
AtSW4-617R TGTACTGCTCCTGATACC
AtSW5-132F AGATCCATACGTAGCTAC
A’gfg’fg )T ’ At5262850 A. thaliana 544
AtSWS5-675R TCTTCATCGTCATCGTTC
AtSW6-203F ATCCTGATAGCACCTTGC
1I AtSWEET6 Atlg66770 A. thaliana 484
AtSW6-686R ACCAACGTAACCGAGTCG
AtSW7-69F TCTGTTCTTGTCACCAAC
AtSWEET7 At4g10850 A. thaliana 659
AtSW7-727R TACGAGCGATCGCACTTG
AtSW8-53F TCTCCTTTGGTCTCTTTG
ABTELTS | Atsga0260 A. thaliana 558
(RPGI) AtSW8-610R AGGTTCCAATCCCATTAC
AtSW9-137F TACCGTACATATGTGCAC
AtSWEET9 At2g39060 A. thaliana 546
AtSW9I-682R TTGCTAGTTGGTTCTCTG
AtSW10-167F TGCTATGGATGTACTACG
AtSWEETIO0 At5g50790 A. thaliana 565
AtSW10-731R ACCATCGTACTTAGCCTC
AtSW11-184F TACTATGCGACACAGAAG
AtSWEETI1 At3g48740 A. thaliana 545
AtSW11-728R AGCTTCAACATATCGAGG
AtSW12-172F TGCTTTGGCTCTACTACG
11T AtSWEETI2 At5g23660 A. thaliana 576
AtSW12-747R AGGAGATGTGAGTGTACC
AtSW13-238F TGCGTCATCGAAACCATC
ABHEETIS | Atsg50800 A. thaliana 558
(RPG2) AtSW13-795R AGTCTCGGGAACATTGTG
AtSW14-226F AACGCTGTGGGATGCTTC
AtSWEETI14 At4g25010 A. thaliana 564
AtSW14-789R AGGATGACTCACGTCAGG
AtSW15-72F TGTATTCCTCGCTCCAGT
AtSWEETI1S5 At5g13170 A. thaliana 510
AtSW15-581R ATGCATATGTCATTGAGG
AtSW16-100F AGATCGACGGAGGAATAC
AtSWEETI6 At3g16690 A. thaliana 554
AtSW16-653R TCTTCTACAATTGGTTCG
v
AtSW17-90F AGTGAAGCGGAGATCAAC
AtSWEET17 At4g15920 A. thaliana 594
AtSW17-683R TCATCTTGAGCAATCTCAC
ACTS8-8F TGCTGATGACATTCAACC
— ACTS At1g49240 A. thaliana 520
ACT8-527R ACGGAGGATAGCATGTGG
OsSWEETI3 | 0s12g0476200 — O. sativa — —
OsSWEET14 .
11 (Os1IN3) Os11g0508600 — O. sativa — —
OsSWEETI15 0s02g0513100 — O. sativa — —
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WT OX WTOX WT OXWT OX WTOX\NTOX WTOX WI'O)( WTOX

| R S

AtSWEET

AtSWEET

Fig. 2. AtSWEET-overexpressed Arabidopsis plants that produced in this study. (A) The agarose gel images resulting from the
semi-quantitative RT-PCR analyses of each AtSWEET-overexpressed (OX) line in comparison with the wild type (WT) plants. Total
RNA was isolated from the rosette leaves and then subjected to RT-PCR analyses with specific primers for individual AtSWEET or
ACTS as a reference gene. (B) The phenotypes of the wild-type (WT) and AtSWEET-overexpressed Arabidopsis plants. All the plants
shown are 28-days old, except for the ALSWEET2-overexpressed Arabidopsis, which is 53-day old.
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Soluble sugar concentrations of the guttation fluids exuded from the leaves of transgenic Arabidopsis overexpressing one of

the 17 AtSWEETs (AtSWEETI to 17), and harboring the empty vector (vector) and non-transgenic Arabidopsis (WT). (A) - glucose,
(B) - fructose, (C) - sucrose, and (D) - the sum of A, B, and C (total sugars; monosaccharide equivalent). Dotted lines in the graphs
show the average. Asterisks represent significant differences from WT as estimated by the Mann-Whitney U-test with Bonferroni

correction. *; P <0.005 ; **, P<0.001.
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Table 2. Soluble sugar and starch concentrations in the leaves of transgenic Arabidopsis overexpressing one of the 17 AtSWEETs
(AtSWEET]I to 17) and non-transgenic Arabidopsis (wild type).

Sucrose Glucose Fructose Sugars Starch

Clade Transgene N (mg/gFW) (mg/gFW) (mg/gFW) (mg/gFW) (mg/gFW)
Average SD  Average SD  Average SD  Average SD  Average SD
I AtSWEETI 5 0.28 0.20 0.49 0.17 0.22 0.03 0.98 0.17 2.81 1.88
AtSWEET2 5 0.39 0.25 0.41 0.23 0.19 0.03 0.99 0.11 2.32 1.60
AtSWEET3 5 0.33 0.10 0.48 0.12 0.22 0.07 1.03 0.09 2.51 1.52
II AtSWEET4 5 0.43 0.19 0.56 0.21 0.22 0.02 1.21 0.11 2.81 2.26
AtSWEETS 5 0.54 0.27 0.58 0.10 0.22 0.05 1.34 0.30 2.93 1.93
AtSWEET6 3 0.40 0.37 0.91 0.80 0.42 0.17 1.74 0.79 1.69 0.99
AtSWEET7 3 0.29 0.16 0.75 0.23 0.28 0.06 1.31 0.20 1.83 1.12
AtSWEETS 3 0.56 0.27 0.55 0.42 0.43 0.14 1.54 0.78 291 1.79
il AtSWEETY 5 0.48 0.49 0.66 0.25 0.42 0.13 1.56 0.25 1.91 1.17
AtSWEETI0 5 0.68 0.37 0.46 0.24 0.32 0.05 1.46 0.12 2.38 1.75
AtSWEETI1 5 0.49 0.28 0.39 0.24 0.42 0.19 1.30 0.14 0.49 0.37
AtSWEETI3 5 0.86 0.53 0.50 0.32 0.16 0.03 1.52 0.41 2.05 2.08
AtSWEETI14 5 0.71 0.36 0.31 0.23 0.31 0.23 1.33 0.36 0.34 0.47
AtSWEETI5 4 0.31 0.19 0.51 0.13 0.35 0.15 1.17 0.21 0.46 0.44
v AtSWEETI16 5 0.54 0.27 0.69 0.11 0.25 0.11 1.49 0.29 1.65 1.77
AtSWEETI7 5 0.31 0.18 0.62 0.14 0.30 0.12 1.23 0.19 1.83 1.86
WT 3 0.42 0.22 0.66 0.13 0.44 0.07 1.53 0.17 1.09 1.12

For each AtSWEET, one of the overexpression lines was selected for this analysis. The rosette leaves were sampled from three to
five plants (N), and the concentrations of soluble sugars (sucrose, glucose and fructose) and starch in the leaf samples were
estimated on the basis of fresh weight. Data on AtSWEETI2-overexpressor were not determined as the rosette leaves were too

small to obtain reliable data.
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