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Abstract

As one of the most important mineral nutrient elements, potassium (K) plays crucial roles in many fundamental processes, including
enzyme activation, membrane transport, anion neutralization and osmo-regulation, and determines the yield and quality of crop
production. In order to better understand and elucidate plant tissue-specific primary metabolic changes under different K nutrition
status. Four-week-old tomato plants were subjected to different K nutrition situations: low (0.25 mM); normal (2.5 mM); and high
(10.0 mM); and the emerging leaves, fully expanded leaves, petioles, stem and roots were harvested at 15 and 30 days, time points
which the external symptoms are observed, after K treatments. Primary metabolites, amino acids, organic acids and sugars, extracted
from each tomato tissue were measured with HPLC system. Several interesting findings from this study could be summarized as
follows: (1) metabolites showed K-dependent responses, which indicated that the rates of an increase and decrease in low K-affected
were 50 % : 50 % ;whereas, 80 % : 20 % in high K; (2) the petioles revealed the most sensitive plant tissue in response to K nutrition
status; and (3) metabolites such as glucose and fructose (soluble sugars), malate and citrate (organic acids), and glutamine,
asparagine, glutamate and aspartate (amino acids) strongly fluctuated (up or down) by the K nutrition ratio. These findings may
contribute to a better understanding and elucidating the tissue-specific biosynthetic patterns and primary metabolite accumulation
under different K nutrition ratios, and provide a new strategy for comprehensive information involved in the spatio-temporal

metabolic networks
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Although the fact that potassium (K) is not assimilated into
organic compounds unlike nitrogen, phosphorus, and sulfur, it
is evident that K is a significant facilitator in metabolism such
as direct enzyme activation (Wyn Jones and Pollard, 1983),
long distance transport of solutes and osmotic regulation, and
the transformer for ribosomal function (Marschner, 1995).
Molecular study in plant K nutrition has focused on the
characterization of K transporters and has provided detailed
information on the structure, function, and regulation (Véry and
Sentenac, 2003; Amtmann and Blatt, 2009). In contrast,
biochemical and molecular evidence of the interaction between
K and metabolites is not defined well. Current knowledge has
provided K-dependent primary metabolism showing a strong
increase in soluble sugars, accumulation of several basic or
neutral amino acids, and a slight increase in total amino acid
and protein content whilst being severely depleted in acidic
amino acids and organic acids (Amtmann et al. 2008;
Armengaud et al. 2009; Sung et al. 2015).

The production of vegetable crops has shown significant
yield increases in South Korea over the last several decades. A
high level of K is required to achieve maximized for crop
production in vinyl greenhouses. This method of growing
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K_Potassium; DAT_Days after treatment; OPA_o-phthalaldehyde; FMOC_Fluorenylmethyl chloroformate;

maintains crop quality and extends crop harvest periods in
South Korea. However, as a result of those described above,
most farmers routinely apply K fertilizer even in a fertilized
field, which can result in unfavorable crop growth because of
metabolic disturbance.

Although many studies have concentrated on the specific
tissues such as leaves, roots, and fruits have found metabolic
changes under a variety of adverse mineral environments, more
information is required to expand our understanding about
minerals-dependent metabolism such as plant tissue-specific
metabolite distribution (Hirai et al. 2004; Nikiforava et al. 2004;
Bolling and Fiehn, 2005; Urbanczyk-Wochniak and Fernie,
2005; Hernandez et al. 2007; Armengaud et al. 2009; Sung et al.
2015).

In this paper we measured primary metabolites, comprised of
soluble sugars, organic acids and amino acids, in order to
investigate tissue-specific changes in tomato plants primary
metabolic changes grown under low- (0.25 mM), normal- (2.5
mM) and high- (10.0 mM) K nutrition conditions. The focus of
this study was on how primary metabolites respond to different
K nutrition levels, and what metabolites and tissue are most
sensitive. Several interesting results were uncovered, which
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expands the knowledge on mineral-metabolites interaction and
provides strong motivation for future studies in mineral
metabolism.

Results
omato growth and water soluble K distribution

Tomato growth was highly coordinated with soluble K
concentrations of fully expanded leaves(r=0.89™) (Fig. 1). The
water-extracted K concentration showed plant tissue- and K
nutrition-dependent responses at both time points (Fig. 2). The
highest K concentration was found in petioles and followed by
leaves, stem and roots, and it was also observed that K moved
into emerging leaves under low K nutrition. Soluble K under
high K nutrition led to it being equally distributed throughout
all plant tissues.

There was a substantial effect of different K nutrition on the
levels of many primary metabolites in both time point and
tissue. Soluble sugars, glucose, fructose and sucrose, responded
oppositely with K nutrition in all tomato tissues (Fig. 3),
moreover, their partitioning differed from a type of soluble
sugars. Based on the results measured at 30 days after K
treatment (DAT), glucose was predominantly accumulated in
the petioles and the stem, fructose in emerging leaves and fully
expanded leaves, and sucrose in the stem and roots under all K
nutrition. Relative to the control (normal K), for the most part,
absolute concentration in citrate and malate showed significant
decrease in both low- and high K(Fig. 4). The majority of the
amino acids in all tomato tissues showed a tendency to
progressively decrease with increasing levels of K nutrition
except for the emerging and fully expanded leaves at 15 DAT
(Table 1). Glutamate was found the most abundant amino acid
in emerging and fully expanded leaves, whereas, in petioles,
stems, and roots, glutamine was most prevalent. Relative
portion (%) of amino acids was also assessed by C-skeleton
backbones such as oxaloacetate, a-ketoglutarate,
phosphoenolpyruvate, pyruvate and 3-phophoglycerate (Table
2). The most dominant amino acid group was a-ketoglutarate,
which occupied more than 60 %, of all tomato tissues. Low K
led to a substantial increase in oxaloacetate- and
phosphoenolpyruvate-derivatives in emerging leaves and
pyruvate- and 3-phophoglycerate-derivates in fully expanded
leaves; however, o-ketoglutarate-derivates noticeably declined
in fully expanded leaves. High K resulted in a marked increase
in a-ketoglutarate-derivates in fully expanded leaves, pyruvate-
derivatives in roots and 3-phophoglycerate-derivatives in
petioles. Based on base-2 logarithms calculation, metabolite
changes in all tomato tissues, which is clearly illustrated in Fig.
5, where biosynthetic pathways have been annotated with red
(upward) or blue (downward) colors to indicate the response to
K nutrition situation. The metabolite profiles exhibited a
profound effect of K nutrition conditons on the levels of many
primary metabolites. Low K was marked by an increase in the
levels of most amino acids, especially Asn, Gln, His and Trp,
and a decrease in the levels of organic acids (malate, citrate)
and amino acids (Asp, Glu, Arg, Ala, Pro). On the contrary,
high K induced substantial declines in almost all metabolites
measured. The analysis of variance (ANOVA, F-test) using
SAS program (ver. 9.1) was performed for selected primary
metabolites (Table 3). More than 90 % of analyzed metabolites
revealed statistically significant differences between time,
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tissue, and K nutrition, which means that the biosynthesis,
degradation, and accumulation of metabolites was sensitive to
internal and external growth environments.

. -

Potassium (K) as the most abundant cation is characterized by
high mobility in plants at all levels and in long-distance
transport via the xylem and phloem. In this study we measured
the concentrations of water soluble K and primary metabolites
from emerging leaves, fully expanded leaves, petioles, stem
and roots of tomato plants affected by different K nutrition
conditions. A tendency of K partitioning was highly sensitive to
the levels of K supply. The water-extracted K rapidly moved
into emerging leaves (vigorous growing organ) under low K,
whereas, in roots it remained low. On the contrary, it was
distributed throughout the whole plant tissues, especially
petioles, under high K. Growth of many plants on limited K
supply has previously been demonstrated to lead to large
changes, increase or decrease, in primary metabolites; e.g.
strong increase in soluble sugars in leaves of Arabidops
(Armengaud et al. 2009), bean (Cakmak et al. 1994a, 1994b),
cotton (Bednarz and Oosterhuis, 1999; Pettigrew, 1999),
gentian (Takahashi et al. 2012), soybean (Huber, 1984) and
wheat (Ward, 1960), alfalfa (Li et al. 1997), sugar beet (Farley
and Draycott, 1975), and tomato (Urbanczyk-Wochniak and
Fernie, 2005; Sung et al., 2015). However, the information
reported from previous studies was mostly focused on the
specific tissues such as leaves and roots and mineral deficient
conditions. The authors interested in investigating what primary
metabolites and tissues are sensitive to different K nutrition. To
achieve this goal, tomato plants were subjected to three K
nutrition conditions as described in Materials and Method, and
thus the results are mostly descriptive to metabolic events
caused by different K nutrition. It was observed that water
soluble K strongly affected the levels of primary metabolites
(Fig. 3 and 4, Table 1). The low K condition led to the
accumulation of carbohydrates in leaves as a replacement of
osmotic molecule, and in leaves and roots, in order to drive
long-distance transport for K (Cakmak et al. 1994a, 1994b);
however, in this study, the levels of soluble sugars (glucose,
fructose and sucrose) under low K remained unchanged or
displayed a slight increase in shoots, or strongly increased in
the root in accordance with the previous results, which suggests
this consequence is due to the restricted sugar usage in the roots
and an inhibited activity of K* carriers and channels located at
the plasma membrane of root cells (Armengaud et al. 2009;
Wang and Wu, 2010). As previously reported (Armengaud et al.
2009; Takahashi et al. 2012; Sung et al. 2015), a strong
decrease of organic acids (citrate and malate) was also
observed in most plant tissues. The total amino acid
concentration was the highest in the stem, followed by the
petioles, roots and leaves; however, in low K-induced state, a
relative increase was found in the petioles (Fig. 5). The most
marked changes were a substantial increase in glutamine,
asparagine, and histidine in most plant tissues, whereas, the
levels of glutamate, aspartate, and proline decreased sharply.
Armengaud et al. (2009) reported that several basic or neutral
amino acids accumulated during a low K condition, while
acidic amino acids (glutamate, aspartate) decreased. The most
likely explanation described above was that low K in cellular
level decreased selectively the concentration in acidic amino
acids as well as organic acids in order to contribute to
maintaining charge balance, and this interpretation is partially



Table 1. Temporal and tissues-dependent composition of amino acids in tomato plants at 15 and 30 days after K treatment (n=5).

. . Day 15

Amino acids - -
(umol LY Emerging leaves Fully expanded leaves Petioles Stem Roots

0.25mM 2.5mM 10mM 0.25mM 2.5mM 10mM 0.25mM  2.5mM 10mM 0.25mM 2.5mM 10mM 0.25mM 2.5mM 10mM
Aspartate 1482458 1296+13 1387+43 1761456 1922425 1360439 67845 687+2 523+10 988+16 757+7 746+16 63311 73161 59025
Glutamate 47124170 4510454 4529+136 3427109 4665451 48714242 1298+11 165610 1548420 1879431 1328+11 1412430 1101+17 1480+108 1042+44
Asparagine 75627 282+4 36011 93627 33745 145+4 320130 44145 382+18 3852458 2178+19 2230447 2624+43 1207489 1170448
Glutamine 347+ 131 2127420 2372470 4498+125 1734221 1102434 9922474 3245423 2421457 230824322 17790151 138204265 94744144 4906+343 3793+153
Serine 160+ 59 1154413 1410+41 126536 565+7 1053455 1604413 6885 592+19 2430435 1959+17 1631+33 4756 48135 32512
Histidine 35145 222421 28218 92+10 9245 118+2 46+1 3443 43421 24148 10242 11045 248+7 17848 151+15
Glycine 946437 75547 392+12 1095433 41418 397+18 21+ 92 515+4 258+10 676+10 6054 4266 124+1 140+9 7642
Threonine 419+14 369+7 378+10 57716 48743 37549 53846 22243 16111 1019+16 57948 548+10 36446 341426 2016
Arginine 119+4 104+3 6624 9543 7322 5541 831 60+2 33+14 3736 31242 9242 149+2 193+12 904
Alanine 59022 51045 696+19 590+16 38945 34116 406+4 33543 22711 814+11 954+9 625+12 4618 889:+69 322+12
GABA 594+19 668+7 904226 381+10 4096 492424 48545 6866 487+8 1565+24 1595+15 1833+39 2374442 44424330 29104122
Tyrosine 3941 7943 48+2 4242 7423 3442 41£2 331 27412 34743 199+1 17246 89:+4 704 5645
Valine 528+17 50045 278+8 35+ 9 27444 20013 56945 619+8 124413 826+13 6095 4168 50+ 9 40830 307+14
Methionine 6242 311 281 2241 15+1 19+2 2241 21+4 166 601 49+1 311 3441 251 1841
Tryptophan 9941 87+3 94+3 9242 701 7245 74%1 38+2 2947 12645 80+2 65+1 49+4 4242 23+1
Phenylalanine 19045 180+2 158+4 269+6 183+2 188+11 119+1 703 57+8 28946 376+4 26245 13544 13747 110+4
Isoleucine 126+4 1141 98+3 104+2 75+1 7945 13622 631 517 39710 266+1 22045 14644 161411 874
Leucine 862 8441 7423 68+2 491 462 8421 662 5845 4796 36443 2836 23547 27718 16346
Lysine 12945 108+2 122+8 7746 531 625 588 41£1 361 22719 13421 98+2 136+7 186211 996
Proline 73797 1211414 847+45 20249 373+26 303+23 353+2 12155+ 75932 17314 31441 382412 1111 20217 148+11
Total 170454676 14402+134 145214364 159454449 122524115 11313492 21886+ 166  10734+77 7835227 398414578 30550258 25402+499 19463+312 16496+1178 11682+491
Aspartate 2116+18 1226421 1626453 1127+14 3110438 2181432 1093+6 1425426 593+9 1929447 2674230 1361+30 1076227 1393+13 83665
Glutamate 278229 3640+71 4703+144 3420+44 473363 524574 1483410 1914437 1917425 160441 22544187 1960+43 1547+40 206019 1518+115
Asparagine 117312 3788 734221 1923427 2376+30 638218 6616+39 344865 761+9 8757167 44794375 3433483 6818+156 2808+19 25524172
Glutamine 4707+44 1668+39 2441%79 300138 634178 256392 23345+143 121224225 430660 51889+915 2795442013 20334437 223774500 10016£73 8748+497
Serine 6026 1028423 1842460 1000£10 79111 1069430 91241 581+10 616+9 175644 1289+113 1559425 608+19 4676 455+18
Histidine 155+7 222421 299+7 3274 90+1 9745 13745 5243 431 45012 212411 185+14 492433 178411 24249
Glycine 3501 56115 452+17 81616 48745 50117 43411 25216 2464 600+10 373£30 4237 2466 12144 15549
Threonine 41447 33110 389+13 28414 51849 4398 6638 32715 221+4 1288430 78767 76515 604+19 3336 412413
Arginine 61+2 8945 1265 62+2 431 4241 68+3 261 2541 332413 17614 18745 14615 12041 16445
Alanine 35642 809+11 1507457 53947 584+18 47447 32945 25743 27414 498+10 372428 62712 829+10 49012 828437
GABA 1496£16 1400435 2186473 1111414 1530411 168127 92548 93419 9397 220049 2047169 2275452 5918+150 2430424 398286
Tyrosine 12243 8045 6541 88+1 771 6541 106+3 331 28+1 398+10 191413 23848 11146 90+2 12948
Valine 4405 2028 306+15 4944 211+15 199+4 7836 231#3 156+3 835424 60548 535419 511421 25042 325417
Methionine 19+2 23+2 25+1 2641 13vl 1642 1542 8+1 71 3743 2744 3242 2942 2141 29+2
Tryptophan 117+4 53+3 932 12241 11043 6543 48+2 303 371 12347 39+4 54+4 58+1 3441 52+2
Phenylalanine 535 15247 17647 23343 34416 292+14 160+2 13342 9843 34321 314422 366+14 13943 17022 21545
Isoleucine 12242 9942 150+.3 1361 962 10616 18243 83+2 771 50525 331425 33745 2407 15743 226+7
Leucine 773 6845 9143 8443 55+2 61+2 163+3 62+3 56+1 479+14 315415 34447 35614 218+2 346+2
Lysine 10624 7843 1141 1614 65+9 64+3 108+3 608 5845 355417 263+14 24012 21311 12045 16246
Proline 32544 1766435 22424138 75446 1257+16 699+12 5271 1801138 1498+44 29345 13164210 1139475 55923 58634 953+99
Total 159944150 138742274 19562+692 15709190 22831298 16499+317 38096+201 237804335 11957+146 7467241401 460213583 36393730 42878+998 22062161 223301074

*Tomato plants were grown in a nutrient solution with 0.25 mM KNOs, and 0.025 mM KH,PO, for low K nutrition, and 10.0 mM KNO3 and1.0 mM KH,PO, for high K nutrition. Plants were harvested at the 15 and 30™ day after nutrient treatment.

39



____Table 2. Relative portion (%) of amino acids (carbon skeleton backbones-based) by tissues of tomato plants at 30 days after K treatment.

Tissue K nutrition Oxaloacetate a-Ketoglutarate Phosphoenolpyruvate Pyruvate 3-Phosphoglycerate
0.25 mM 25 60 4 5 6
Emerging leaves 25mM 15 63 2 8 11
10 mM 16 61 2 10 12
0.25 mM 23 55 3 7 12
Fully expanded leaves 25mM 27 61 2 4 6
10 mM 21 73 3 4 10
0.25 mM 23 70 1 3 4
Petioles 25mM 23 71 1 2 4
10 mM 14 73 1 4 7
0.25 mM 21 76 1 2 3
Stem 2.5 mM 19 74 1 3 4
10 mM 17 72 2 4 5
0.25 mM 21 72 1 4 2
Roots 25mM 22 70 1 4 3
10 mM 19 70 2 7 3
70
60 Y =0.1327x + 0.2569 °

Fig 1. Relationship between shoot growth and water-extracted K concentration in fully expanded leaves in differently K-supplied tomato plants (n=3). Tomato plants were grown in a nutrient
solution with 0.25 mM KNO; and 0.025 mM KH,PO, for low K nutrition, and 10.0 mM KNO; and 1.0 mM KH,PO, for high K nutrition. Plants were harvested at the 15 and 30 day after

nutrient treatment.

Eig 2. Temporal and tissues-dependent concentrations of water-extracted K in differently K-supplied tomato plants (n=3). Tomato plants were grown in a nutrient solution with 0.25 mM KNO;3,
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and 0.025 mM KH,PO, for low K nutrition, and 10.0 mM KNO3 and1.0 mM KH,PO, for high K nutrition. Plants were harvested at the 15 and 30 day after nutrient treatment.
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Eig 3. Temporal and tissues-dependent composition in soluble sugars, glucose, fructose and sucrose, in differently K-supplied tomato
plants (n=3). Tomato plants were grown in a nutrient solution with 0.25 mM KNO3 and 0.025 mM KH,PO, for low K nutrition, and
10.0 mM KNO; and 1.0 mM KH,PO, for high K nutrition. Plants were harvested at the 15 and 30" day after nutrient treatment.
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Eig 4. Temporal and tissues-dependent composition in organic acids, citrate and malate, in differently K-supplied tomato plants (n=3).
Tomato plants were grown in a nutrient solution with 0.25 mM KNO3 and 0.025 mM KH,PO, for low K nutrition, and 10.0 mM
KNO;3 and 1.0 mM KH,PO, for high K nutrition. Plants were harvested at the 15 and 30" day after nutrient treatment.
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A: Emerging leaves
B: Fully expanded leaves

D: Stem
£: Roots.
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Eig.5..Mapping of measured metabolites onto the primary metabolic pathways. Ratios of changes in metabolite concentrations in
tomato tissues subjected to low- (0.25 mM) or high-K (10 mM) nutrition status are shown as heat maps, and were calculated from an
average of the results measured at 15 and 30 days after K treatments.

supported from the experiment (Yamada et al. 2002;
Armengaud et _al. 2009), which observed the limited carbon
flux into the TCA cycle and amino acids under low K, and thus
led to higher ratio of glutamine/glutamate and
asparagines/aspartate, which was also observed in other
nutrient stresses such as N, P and S (Hirai et_al. 2004,
Nikiforova et_al. 2004; Huang et _al. 2008). In general, K
particularly favors the incorporation of amino acids into
proteins; however, there is insufficient information to
understand C/N metabolism (regulation of primary metabolite)
in plants affected by excessive K nutrition (Li et al. 1997). It
was reported that a high level of mineral supply such as
nitrogen promotes the changes in C/N metabolism, decreased
soluble sugars, whereas, increased organic and amino acids
(Scheible et al. 1997, 2000; Okazaki et al. 2008). The results in
this study (Fig. 5) indicated that high K nutrition showed a
significant decrease of primary metabolites measured in all
plant tissues. On the basis of these reports, it can be presumed
that an excessively absorbed K induces higher biosynthesis and
activation of proteins, resulting in marked decrease of primary
metabolites, and much more storage into vacuoles to regulate
cellular pH stabilization and ion balance; however, further
efforts to elucidate possible K-dependent events is necessary.

In conclusion, many previous studies have focused on the
primary metabolic changes mostly in leaves and the roots under
several mineral deficiency conditions, while this study has
investigated tissues-specific changes in tomato plants grown
under low- or high-K nutrition conditions. The data presented
here provides several new findings: 1) measured metabolites
responded differently according to K nutrition levels that
resulted in approximately 50 % portion of increase or decrease
under low K and mostly a decrease (more than 80 %) under
high K; 2) It was discovered that the petioles are the most
sensitive tissue in response to K nutrition levels; 3) the most
altered metabolites were glutamine, asparagine and histidine
(up-regulated) and glutamate, aspartate, proline, malate and
citrate (down-regulated) in low K, and glutamine, asparagine,
and valine (down-regulated) in high K. Therefore, it is clear
that more studies are required to understand and to accumulate
more comprehensive information involving the spatio-temporal

42

metabolic networks affected by a variety of mineral conditions,
and due to the somewhat downstream response of metabolite
level, it is also important to simultaneously understand the
responses of altered genes and protein expression involved in
the metabolic networks.

Materials and Methods
| ial -

Tomato seeds (Solanum lycopersicum L. cv. Seonmyoung)
were germinated on perlite supplied with de-ionized water for 2
weeks. Twelve uniformly sized seedlings were transplanted into
holes in lids of aerated 20 L hydroponic containers containing
1/3-strength Hoagland solution, and grown for another 2 weeks
prior to initiation of treatments. Plants were grown with
permanent aeration at 25 + 3°C during the day and 15+ 3°C
during the night. Mid-day photosynthetic photon flux density
was 800-1200 umol m™ s, The nutrient solution was replaced
every 3 days. The composition of nutrient solution (normal K)
was as follows: 2.5 mM Ca(NOs),; 2.5 mM KNOjz; 1mM
MgSO4; 0.25 mM KH,PO, 0.75mM  Fe-EDTA; 0.5mM
NH4NOs; 2 uMH3BOg; 0.2 uM MnCly; 0.190.01 pM ZnSOy;
0.01uM CuSO,, and 0.03 uM H,Mo0O,. In order to make low-
and high-K nutrition conditions, K concentration was adjusted
to 0.25 mM KNO3 and 0.025 mM KH,PO, for low K, and
10.0mM KNOj3 and 1.0mM KH,PO, for high K. To minimize
the effect of the altered potassium content on osmotic potential,
the nutrient solution was adjusted by an equimolar mixture of
ammonium nitrate and sodium phosphate to maintain the same
anion concentration as that of the nutrient medium.

le collecti ,

Three plants, showing similar growth in each treatment, were
harvested between 10:00 and 12:00 to minimize a diurnal
variation on metabolite levels at 15 and 30 days from different
K nutrition levels (low, normal and high). The emerging leaves,
fully expanded leaves, petioles, stem, and roots were briefly
rinsed in de-ionized water, immediately frozen in liquid



nitrogen, and stored at -80°C until biochemical analysis. One
gram of tissue was ground to a fine powder and extracted with
10 mL ice-cold 70% (v/v) methanol containing 0.01 N HCI.
After centrifugation at 15,000 X g for 5 min to pellet cell
debris, the supernatant was passed through a 0.45 pm
membrane filter and the filtrate was used for metabolite
analysis.

Acid-soluble amino acids were determined with an Agilent
1100 HPLC (Agilent Technologies, Wilmington, DE, USA)
procedure using a pre-column derivatization method. Known
volumes of each sample and 20 amino acid standards were
derivatized in a total volume of 100 pL using o-phthalaldehyde
(OPA) for primary amino acids and 9-fluorenylmethyl
chloroformate (FMOC) for secondary amino acids. Separations
were performed on HPLC equipped with a C18 column (4.6
mm x 150 mm, 5 um of particle size) at 40°C. The mobile
phase consisted of Eluents A (20 mM K phosphate, pH 7.8) and
B (ACN :MeOH : ddH20 = 45 : 45 : 10, v/v/v). The column
was preconditioned with 100% Eluent A for 10 min. at a flow
1.5 mL min™. The injection volume for both standards and
samples was 0.5 puL. Amino acids were eluted from the column
by linearly increasing concentrations of Eluent B in the maobile
phase. Eluent B was 0% between 0 and 1.9 min, 57% at 24 min.
and 100% at 26 min. The column was then washed with 100%
Eluent A at 4 min. before regenerating the column. Absorbance
was detected with a UV detector (Agilent G1315A) at a
wavelength of 338 nm. Quantification was based on standard
curves obtained from 10 pmol to 1 nmol pl™ of each standard
amino acid. Acid-soluble sugars were determined using an
HPLC system (Dionex Ultimate 3000, USA) composed of an
auto-sampler and detector (Shodex RI-101, Japan). Separation
of sugars was carried out with a Waters sugar-pak (Temp. 75°C)
under distilled-deionized water as a mobile phase. The injection
volume of each sample was 20 pL and flow rate was
maintained at 0.5 mL min?. Quantification was based on
standard curves obtained from 50 to 10,000 ppm of each
standard of sugars. Organic acids were determined using HPLC
(Agilent 1100, USA). Separations were performed for 30 min
with an Aminex 87H column (Temp., 40°C) under 0.01 N
H,SO, as a mobile phase. The injection volume of each sample
was 20 pL and flow rate was maintained 0.5 mL min™
Absorbance was detected with a UV detector (Agilent G1315A)
at a wavelength of 210 nm. Quantification was based on
standard curves obtained from 0.1 mmol to 10 mmol pl* of
each standard of organic acid.

Statistical analysis was performed with SAS software package
(version 9.1). Data were subjected to one-way ANOVA. If the
ANOVA yielded a significant F value (P <5%), the differences
among treatments were compared using a least significant
difference (LSD).The data was transformed into base 2 log
scale based on the result (normal K), and the map of measured
metabolites was made onto the primary metabolic pathway.

This work was carried out with the support of “Cooperative
Research Program for Agriculture Science & Technology
Development (Project No. PJ010899)” Rural Development
Administration, Republic of Korea.
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