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Quantification of Saponins in Aerial and Subterranean Tissues
of Medicago truncatula
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Triterpene saponins from aerial and subterranean organs of Medicago truncatula cv. Jemalong A-17
were qualitatively profiled and quantified using reverse-phase HPLC with on-line photodiode array
detection and electrospray-ionization mass spectrometry (HPLC/PDA/ESI/MS). Absolute quantifica-
tions were performed for 3-O-$-pD-glucopyranosyl-medicagenic acid and soyasaponin 1 (3-O-[o-L-
rhamnopyranosyl(1—2)-3-p-galactopyranosyl(1—2)-/3-p-glucuronopyranoside] soyasapogenol B), whereas
relative quantifications were determined for 29 other saponins in root, stem, leaf, seedpod, and seed.
Roots contained the greatest total amount of saponins followed by leaf and seed, respectively. The
quantitative data also reveal the differential accumulation of triterpene saponins in the various organs
of M. truncatula. Specifically, relatively higher quantities of medicagenic acid conjugates accumulated
in leaf and seed, whereas relatively higher levels of soysapogenol conjugates were observed in root.
The differential accumulation of specific triterpene saponins is suggestive of spatially differentiated
biosynthesis and/or biological function.

KEYWORDS: Triterpene saponins; Medicago truncatula ; barrel medic; quantification; high-performance
liquid chromatography—mass spectrometry (HPLC/MS)

INTRODUCTION standing of the qualitative, quantitative, and spatial accumulation
of saponins is critically important to advancing our knowledge
of how these compounds are related to specific resistance
primarily dicots, but also selected monocdk The sapogenin mechanisms and how best to approach metabolic engineering
aglycons are often substituted with a varying number of sugars of these compounds.
via an ether and or ester bond at one or more glycosylation Numerous methods have been previously reported for the
sites (3). Saponins are generally associated with plant defensequantification of saponins, and each offers its own caveats.
but have also been associated with a wide range of otherPublished methods include colorimetric reaction ass&s (
biological properties (4). These include deterrence to insects which are both easy and sensitive but susceptible to interference
(5), antifungal properties6( 7), and poor digestibility in from pigments or other components of the extract. Other less
ruminants (89). Although traditionally viewed as antifeedants common methods include the use of ichthyotoxicitg)as well
in forages, recent studies have reported beneficial anti-inflam- as hemolytic methods, which are very structure depen@nt (
matory (10,11), anticancer (1213), and adjuvant (1415) The disadvantage of bioassays is their dependence upon the
properties for saponins. Although these compounds have presence of specific biologically active saponins, which may
significant biological importance, very little is known about their  not reflect an accurate measurement of the total saponin content
distribution or biosynthesis in plants. of the plant. For example, it has been shown that medicagenic
Metabolic profiling was recently used to assess and tentatively acid, zhanic acid, and hederagenin have higher biological activity
identify a large number of saponins in the model legume than soyasapogenols (19), but all are present in alfalfa. Thus,
Medicago truncatulg16), and a functional genomics approach these bioassays would be more representative of the acidic
is being used to address the biosynthesis of these naturalsaponin rather than the soyasapogenol content.

products inM. truncatula (17). This investigation provides Other more rigorous methods have been reported and include
additional quantitative information on the spatial accumulation thin-layer chromatography (TLC), gas chromatography (GC),
of saponins in variou$. truncatulaorgans. A better under-  gc/mass spectrometry (GC/MS), high-performance liquid chro-
matography (HPLC), and HPLC/M2Q). Analysis and detec-
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e—T?Llewggmglr%gt?g:teéo@ble Foundation. many biological compounds require derivatization. For saponins,
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Saponins are triterpenoid or steroidal glycosides that occur
in a large number of plant speciek)( These species include
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by methylation and acetylation of the sapogen$). (The Table 1. Absolute Concentrations of 3-Glc-Medicagenic Acid and
hydrolyzed sugars are identified by further derivatization and Soyasaponin 1 in Various M. truncatula Tissues Including Correlation
GC/MS analysis or by TLC using appropriate standards. Coefficients for Calibration Curves

Separation and detection of saponins by HPLC/@Q¥~23) is

an alternative to GC/MS due to its ability to separate nonvolatile i SCle- ’ g

polar compounds without derivatization. These methods have tissue m(eng';ri%egf'cdx' spr  R2b S(‘;‘gﬁzp;né:v) D R2b

been particularly useful for 2,3-dihydro-2,5-dihydroxy-6-methyl-

4H-pyran-4-one (DDMP) conjugates, which have a strong ™% 257 4r.7 09904 692 262 0997
. stem 0.141 0.051 09995 288 276 0.9974

absorbance at 292 nn23). However, a large proportion of | ND¢ 09998 237 781 09981

saponins lack a strong chromophore and, therefore, direct UV seedpod 0.939 0.986 1.0 0.628 0.233 0.9965

detection yields poor sensitivity for non-DDMP-conjugated seed 211 173 0.9998 60.8 27.7  0.9985

saponinsZ3). Derivatization of saponins with 4-bromophenacyl
bromide and 18-crown-6 can improve the UV detection a 3D, standard deviation of replicate analyses of eight independent plants. ® R 2,
sensitivity of saponins; however, this requires additional steps, coefficient of determination of the linear regression for each standard curve

and the derivatized compounds are reportedly unstable at roomgenerated from authentic standards of 3-Glc-medicageinc acid or soyasaponin 1.
temperature after 48 124, 25). More recently, LC/MS has been ~ * N none detected or below level of detection.

used to analyze saponin content in legumes and provides good ) i o
sensitivity and selectivity for a wide range of saponins without 2"ayzed by gradient elution, reverse-phase HPLC with simultaneous
the need for derivatizatiori§,23,26—28). In addition, sample on-line UV and mass selective detection.

. . . . High-Performance Liquid Chromatography/Mass Spectrometry.
enrichment techniques such as solid-phase extraction (2BE) ( Burdick and Jackson HPLC grade acetonitrile and water were obtained

have been used to improve method sensitivity and 1 pmol limits from v\WR International. Double-distilled PPB/Teflon grade acetic acid
of detection reported for soyasaponin 1I6]; however, these  was obtained from Aldrich Chemical Co. Inc. (Milwaukee, WI). HPLC
further steps introduce additional experimental variability. In separation was achieved using a 2604.6 mm i.d., 5um, reverse-
our hands, experimental variability was observed to increase phase, C18 column (J. T. Baker). Samples were eluted with a linear
as much as 20% between samples when SPE was employediz0O/acetonitrile gradient, 95:5 to 5:95, in 90 min, at a flow rate of 0.8
for M. truncatulaextracts. Finally, identification and quantifica- ~ML/min. The water was adjusted with acetic acid to a final concentration
tion of saponins are often performed through comparative of 0.1%. ) ) ) .
analyses with authentic standards; however, this is complicated_. Il Mass spectra were acquired using a Bruker Esquire LC equipped

L - . . with an electrospray ionization (ESI) source. Negative-ion ESI was
by the I|m_|ted availability of authentic saponin standards from performed using a source voltage of 3000 V and a capillary offset
commercial sources.

voltage of—70.7 V. Nebulization was achieved using nitrogen gas at
Previously, 15 saponins in alfalfa (cultivars Apollo, Radius, a pressure of 70 psi. Desolvation was aided by the use of a nitrogen
and Kleszczewska) and 27 saponins Nh truncatula (cv. counter current gas at a pressure of 12 psi. The capillary temperature
Jemalong) were separated and tentatively identified using HPLC was set at 360C. Mass spectra were recorded over the range/af
Coup'ed to negat|ve_|0n e|ectrospray |on|zat|on (ES') and mass 50—-2200. The Bruker on trap Wa§ Operated under an ion Cur!'ent Cor.1tr0|
selective detection ESI/HPLC/MS/IMS (16). The above report of 20000, maximum acquisition time of 100 ms, and trap drive setting
shows that the root profiles of saponins in different cultivars of of60. . . )
alfalfa were similar, but the root profile dfl. truncatulawas Qualitative ldentification of Saponins, Standards Preparation,
more complex The’ primary goal of this study was to quantify and Quantitative Analysis. Saponins were tentatively identified

Lo ] . ‘ through the comparison with authentic standards using multiple and
individual saponins in various organs M. truncatulato gain orthogonal dimensions of chemical characterization similar to that

a better understanding of the spatial accumulation of different previously described (16). These include HPLC retention times, mass
saponins. The secondary goal of this project was to improve spectra, and tandem mass spectral data. Absolute and relative quanti-
the experimental method and to eliminate nonessential steps tdications of saponins were performed using the standards 3-Glc-
allow greater throughput. To the authors’ best knowledge, this medicagenic acid and soyasaponin 1 (3-Rha-Gal-GIcA-soyasapogenol

truncatularoot, leaves, stem, seedpod, and seeds. provided by W. Oleszek, Institute of Soil Science and Plant Cultivation,

Putawy, Poland. Soysaponin 1 (3-Rha-Gal-GlcA-soyasapogenol B)
was purified from soybeans as previously descrit#8).(The 3-Glc-
medicagenic acid was isolated and used as a purified standard (i.e.,
>098% as determined by HPLC/MS); however, the soyasaponin 1
standard was isolated as a major component (55.7%) in a soyasapogenol
B mixture. The purified 3-Glc-medicagenic acid and soyasaponin 1
mixture were used to calculate instrument response curves using
negative-ion ESI/HPLC/MS and were highly lineaf ¢ 0.99;Table

1). The standard response curves were then used to calculate the
absolute concentrations for these two specific compounds and the
relative concentrations for 29 other saponins preseM.itruncatula.

MATERIALS AND METHODS

Biological Materials. M. truncatula(Jemalong, cv. A17) plants were
grown in a highly controlled environment using a Percival E-54U
growth chamber maintained at 90% humidity and at an average
temperature of 24C day (16 h) and 20C night (8 h). Plants were
grown in Turface MVP (Profile Products, Buffalo Grove, IL) medium
using an illumination intensity of 216mol/s/n?. Plant tissue/organs
were harvested at 13 weeks of age, which correspond2t6 weeks
after seed set. Zanhic acid conjugates were identified on the basis of coelution and

Saponin Extraction. Differentiated aerial plant organs were dis- mass spectrometric properties relative to an authentic standard, 3-Glc-
sected, immediately frozen in liquid nitrogen, and lyophilized to Glc-Glc-23-Ara-28-Ara-Rha-Xyl-Api-zhanic acid, that was purified
eliminate enzymatic activity. This procedure was repeated on the roots from alfalfa 6, 24, 25, 30, 31) and kindly provided by W. Oleszek,

following removal from the Turface medium. Lyophilized tissues were
powdered using a mortar and pestle. Then 1@:00.06 mg of tissue
was weighed into a 1 dram (3.8 mL) glass vial and extracted with 0.5
mL of 80% methanol at room temperature foh on anorbital shaker.
HPLC grade methanol was obtained from J. T. Baker (Philipsburg,
NJ). Samples were centrifuged at 2g0d0r 20 min at 4°C, and 200

uL aliquots were transferred to HPLC autosample vials. Samples were

Institute of Soil Science and Plant Cultivation, Putawy, Poland.
Quantitative analyses were based on the peak area calculated from

selected ion chromatograms of the corresponding{M]~ ion (Figure

2) for standards and quantified saponins with the exception of zhanic

acid conjugates, which used the more abundant, doubly charged ion,

[M — 2H]>". Absolute and relative quantifications were performed for

31 saponins in total. Relative quantifications for hederagenin, zanhic
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Figure 1. Structures and numbering of the saponin glycosides identified and quantified in M. truncatula organs.

HO

acid, bayogenin, and medicagenic acid aglycons and conjugates weresmall drifts in mass and retention times during the experimental time
calculated on the basis of the linear regression response curve of theframe. The window criteria were set to be inclusive of actual measured
3-Glc-medicagenic acid standard. All relative soyasapogenol aglycon experimental deviation.

and conjugate quantifications were calculated using the linear regression

response curve for the soyasaponin 1 standard. The standard concentrgyesyL TS AND DISCUSSION

tion ranges used for quantification of the aerial organs (leaf, stem,

seedpod, and seed) were 0.5, 4, and 40 ngl/injection of 3-Glc- An improved method for the separation, quantification, and
medicagenic acid and 4, 30, and 200 ng/injection of soyasaponin 1. identification of saponins using HPLC/MS was developed and
To accommodate the higher level of saponins in roots, the standardijs a modification of one previously reported (16). This method
concentration ranges used for roots were 4, 40, and 100 ng/injectionredyced the extraction time from overnight to 2 h while
of 3-Glc-medicagenic acid and 30, 200, and 400 ng/injection for maintaining >95% extraction efficiency as determined by

soyasaponin 1. Standards were prepared in methanol prior to analysis, omparison of saponin peak areas of 2 and 24 h extracted

The saponins quantified consisted of those saponins previously reportecF - S .
(16) in addition to zhanic acid conjugates identified through chromato- material. Furthermore, SPE was eliminated to increase sample

graphic and spectrometric comparisons with authentic standards. ~ throughput by minimizing sample processing time and to lower
plants, were sampled and analyzed in duplicate for quantitative €xtended HPLC gradient separation relative to that reported
calculations with the exception of seeds, in which seeds from five previously (L6). The extended gradient allows for the combined

different plants were pooled and sampled due to the limited amount profiling and identification of other compounds such as isofla-

tissue. Duplicate instrumental analyses were performed for both yones (26,32), which normally elute before saponins and are

standards and samples with one pass made through the sample set befoyggt during the previously reported SPE methd6)( Details

the duplicate analysis was performed. This was done to limit instrument of the method are provided under Materials and Methods, and

\;agf;'gg gfg';eﬁn the first standard and the last sample in the set OV€the method was used to quantify saponins in various tissues/

Data Analysis. The instrumental response for each of 31 saponins organs ofV. truncgtula. Representative gglycon Stryctures a,n_d
was calculated using Bruker Esquire-LC NT software, version 3.1, to & 9eneral numbering scheme for the various saponins quantified
extract peak areas from selected ion chromatograms generated for eaci this study are provided iRigure 1. Representative maximum
molecular ion using am/zwindow of 1 and a retention time window ~ ion and selected ion chromatograms (SIC) are provided in
of +0.75 min. This approach is highly selective and accommodates Figure 2 and illustrate the diversity of saponinshh truncatula
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Figure 2. Maximum and selected ion chromatograms for M. truncatula, cultivar Jemalong A17, root extracts illustrating the quantitative and qualitative
profiling of representative saponins: (A) maximum ion chromatogram obtained by negative-ion ESI/HPLC/MS; (B1) representative root selected ion
chromatogram (m/z 663, [M — H]7); (B2) mass spectrum of 3-Glc-medicagenic acid from root extracts; (B3) selected ion chromatograms of replicate
standard 3-Glc-medicagenic acid injections from the standard concentration series illustrating the reproducibility and linearity (r? > 0.99) of the method;
(C1) selected ion chromatogram (m/z 941, [M — H]~), mass spectra of (C2) Rha-Hex-Hex-hederagenin 1 and (C3) soyasaponin 1; (D1) selected ion
chromatogram (m/z 939, [M — H]~) and (D2) mass spectrum of Rha-Gal-GlcA-soyasapogenol E; (E1) selected ion chromatogram (m/z 927, [M — H]7)
and (E2) mass spectrum of 3-Glc-Ara-28-Glc-hederagenin; (F1) selected ion chromatogram (m/z 973, [M — H]~) and (F2) mass spectrum of Hex-Hex-
bayogenin; (G1) selected ion chromatogram (m/z 773 [M — 2H]>") and (G2) mass spectrum of 3-Glc-Glc-Glc-23-Ara-28-Ara-Rha-Xyl-zanhic acid observed
in M. truncatula roots. Peak areas from the SICs were used to calculate relative or absolute concentrations based on the standard response curves of

3-Glc-medicagenic acid or soyasaponin 1.
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Table 2. Relative Saponin Concentrations (ng/mg/dw) in Various Tissues of M. truncatula?

mlz used for root stem leaf seedpod seed
retention  quantification RSD RSD RSD RSD RSD
time (tr) [M=H]~ concn (%) concn (%) concn (%) concn (%) conen (%)
1 3-Glc-Gle-Glc-23-Ara-28-Ara-Rha-Xyl- 29.17 8390 0272 681 0.189 47.0 ND ND ND ND ND ND
Api-zanhic acid
2 3-Glc-Glc-Gle-23-Ara-28-Ara-Rha-Xyl- 29.54 7730 376 305 0.133 408 645 342 0417 913 ND ND
zanhic acid
3 Hex-Hex-Hex-bayogenin 32.23 973 181 39.2 0972 321 0.752 409 220 124 0.462 58.8
4 3-GlcA-28-AraRhaXyl-medicagenic acid ~ 32.83 1087 566 152 82.6 201 759 142 112 939 869 56.2
5  Rha-Hex-Hex-Hex-hederagenin 33.77 1103 59.7 9.44 1.02 60.7 205 528 0316 725 0.389 88.0
6  Hex-bayogenin 33.85 649 827 242 ND ND ND ND 0258 126 ND ND
7 3-Glc-28-medicagenic acid 33.98 825 174 411 0.621 374 ND ND ND ND 356 112
8  3-Glc-28-Glc-malonyl-medicagenic acid ~ 34.45 911 219 514 0.0762 50.2 0204 356 1.86 100 0.136  50.63
9  3-Glc-28-AraRhaXyl-medicagenic acid 34.53 1073 18.8 13.3 10.7 16.8 187 251 ND ND 257 919
10 Hex-(unknown aglycon) 35.13 647 410 549 ND ND ND ND ND ND ND ND
11 Rha-Hex-Hex-Hex-soyasapogenol E 35.62 1087 336 145 0.195 834 0401 300 529 477 ND ND
12 3-Glc-Ara-28-Glc hederagenin 36.53 927 112 18.1 185 335 15.7 143 ND ND 148 823
13 Hex-Hex-Rha-bayogenin 40.43 957 306 66.2 ND ND ND ND 180 934 ND ND
14 Hex-Pen-soyasapogenol E 40.51 749 53.3 34.7 ND ND ND ND ND ND ND ND
15 Rha-Hex-Hex-hederagenin 41.16 941 283 29.9 0.141 429 0332 746 0133 449 0.237 63.8
16  Hex-Hex-bayogenin 42.07 811 291 43.6 ND ND 251 227 0840 606 0.118  39.2
17 3-Glc-Gle-medicagenic acid 42.07 825 225 75.3 ND ND ND ND 426 119 0.857 149
18 soyasaponin 1¢ 42.26 941 692 378 288 9.57 237 330 0628 371 60.8 457
19  Hex-Hex-(unknown aglycon) 42.98 809 362 67.2 ND ND ND ND ND ND ND ND
20 Hex-bayogenin (2) 4328 649 0.333 912 ND ND ND ND ND ND ND ND
21 3-Glc-medicagenic acid® 43.75 663 257 18.6 0.141  36.3 ND ND  0.939 105 211 81.8
22 3-Glc-malonyl-medicagenic acid 44,07 749 191 54.0 ND ND ND ND ND ND 0.215 620
23 Rha-Gal-GlcA-soyasapogenolE 44.46 939 1921 10.6 30.4 134 317 223 0505 67.3 37.8 47.0
24 Rha-Hex-Hex-soyasapogenol E 44.97 925 84.6 49.4 ND ND 155 410 ND ND ND ND
25 Ara-Hex-hederagenin 45.70 765 294 16.5 ND ND ND ND ND ND ND ND
26 Hex-hederagenin 49.02 633 297 380 ND ND ND ND ND ND 0.200 445
27  GlcA-hederagenin 49.28 647 205 481 ND ND ND ND ND ND ND ND
28 Hex-Hex-soyasapogenol E 49.71 779 648 592 ND ND 417 306 0197 1727 ND ND
29 Pen-hederagenin 50.93 603 61.9 20.1 ND ND ND ND ND ND ND ND
30 Hex-hederagenin (2) 51.88 633 241 438 ND ND ND ND ND ND 732 322
31 Hex-soyasapogenol E 55.36 617 29.5 51.2 ND ND ND ND ND ND ND ND
total saponin and av RSD per organ 5924 39.9 417 374 1064 336 308 80.0 991 69.1

@ All relative concentrations were calculated based on peak areas of the [M — H]~ selected ion chromatorgrams relative to the standard soyasaponin 1 (soyasaponins
B and E conjugates) or 3-Glc-medicagenic acid (bayogenin, hederagenin, medicagenic acid conjugates). Abbreviations: Api, apiofuranose; Ara, arabinose; Gal, galactose;
Glc, glucose; GIcA, galacturonic acid; Hex, hexose; Pen, pentose; Rha, rhamnose; Xyl, xylose; concn, concentration; ND, not detected or below level of detection; ng/mg
of dw, nanograms per milligram of dry weight; RSD, relative standard deviation of saponin concentrations measured for eight independent plants. ©[M — 2H]2~ ion used
for quantification of zanhic acid conjugates. ¢ Absolute concentrations reported for soyasaponin 1 and 3-Glc-medicagenic acid (i.e., same as Table 1).

The reported method was used to quantitatively profile 31 average instrumental/analytical coefficient of variation (relative
saponins irM. truncatulaand is more comprehensive than that standard deviation) was calculated for all of the components
previously reportedl(6). Additional saponins profiled using this  represented in seven replicated injections of an alfalfa (cv.
method included zanhic acids, which to the best of the authors’ Radius 4) saponin extract analyzed by negative-ion ESI/HPLC/
knowledge have not been reported in the rootslofruncatula MS and determined to be 12.4% on the basis of variations in
previously. peak areas using software integration and 9.8% by measuring

Absolute and relative quantifications of saponins were relative intensities (33). This value is similar to other reported
performed using the standards 3-Glc-medicagenic acid purified LC/MS methods for the quantification of saponins in soybean
from alfalfa (24,30) and soyasaponin 1 (3-Rha-Gal-GIcA- (26). In addition, biological variability was also quantified.
soyasapogenol B), which was purified from soybea?8).( Biological variability is defined as the quantitative physiological
Response curves were generated for the standard saponins andifference observed in different individual plants (i.e., plant-
used to calculate the absolute concentrations for these twoto-plant) generally attributed to small differences in their
specific compounds presenthif truncatula(Table 1). Absolute microenvironments or developmental stagé)( Although the
quantification of all saponins iM. truncatulawas not possible  analytical or instrumental variation of the described LC/MS
due to the limited number of available saponin standards; method was relatively low (RSB 12%), the variability of the
therefore, relative quantification was performed for 29 other biological system was significantly higher. The average biologi-
saponins irM. truncatula(Table 2). All relative quantifications cal coefficient of variation associated with saponin accumulation
were performed on the basis of the similarity of the aglycon in various tissues oM. truncatulawas (A) roots, 40%; (B)
structures seen irfrigure 1 to those of the representative stems, 37%; (C) leaves, 34%; (D) seedpods, 80%; and (E) seeds,
standards. An average of eight biological samples, that is, 69%. The coefficients of variation of roots, stem, and leaves
individual plants, were sampled, and duplicate instrumental are similar to the 50% previously reported figr. truncatula
analyses were performed on each. and other plants (333, 35). The higher biological coefficients

To allow the statistical assessment of the quantitative results, of variation reported for seed and seedpod are attributed to the
relative standard deviations (RSD) for both instrumental and fact that the sampled seed and seedpods were of different
biological (plant-to-plant) variability were investigated. An developmental stages.
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