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Abstract: Despite the common use of Thesium species as food and medicine and the prevailing
systematic (taxonomic) difficulties of the genus, the diversity of phenolic compounds and their
chemophenetic value remain largely unknown. As part of ongoing systematic research on Thesium,
phenolic compounds and their composition were investigated at four taxonomic ranks: generic,
infrageneric, interspecific and infraspecific. Liquid chromatography—mass spectrometry, multivariate
analyses, comparisons to DNA data and manual investigations of total ion chromatograms were
conducted for 156 samples of 50 Thesium species, as well the two monotypic genera sister to The-
sium (Lacomucinea and Osyridicarpos). A wide diversity of phenolic compounds, primarily flavonols,
carboxylic acids, phenolic acids and associated derivatives, were observed. Rutin was the most
common compound, followed by citric acid, isorhamnetin O-glucoside O-rhamnoside, kaempferol
O-rutinoside, quinic acid and cryptochlorogenic acid. Chemophenetic data proved valuable at the
generic and interspecific level and, to a lesser degree, at the infraspecific level. On the other hand,
no distinct patterns were observed at the infrageneric level, nor did chemophenetic data correlate
with infrageneric classifications based on genetic, geographical or morphological data. At the generic
level, the patterns of phenolic compounds in Lacomucinea and Osyridicarpos overlapped with those of
Thesium species, but no compound or group of compounds were unique to Thesium. At the interspe-
cific level, total ion chromatograms of the species were largely distinct from one another and, with
the exception of four species, remarkably consistent. Two related species (T. triflorum and T. scandens)
with doubtful species boundaries had similar but distinct chromatograms, providing evidence of
their retention as separate species. At the infraspecific level, the data were mostly inconclusive, but
variation in samples of T. asterias revealed two morphologically distinct populations, one of which is
possibly a species new to science. This study provides valuable preliminary insights into the phenolic
diversity and chemophenetic relationships in Thesium, Lacomucinaea and Osyridicarpos and highlights
the potential of chemophenetics in taxonomically problematic plant groups.

Keywords: flavonoids; Lacomucinaea; LCMS analysis; Osyridicarpos; systematics; Thesiaceae

1. Introduction

Thesium L. is the largest genus [1] in the parasitic plant family Santalaceae [2], with
£350 species occurring naturally in Africa, Madagascar, Australia, Asia, Europe and South
America, and one species being introduced to North America [3]. The centre of diversity
for the genus is in southern Africa where +175 species occur [3]. Thesium is monophyletic
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and sister to Lacomucinaea Nickrent and M.A.Garcia plus Osyridicarpos A.DC., two mono-
typic genera found in South Africa, and southern and tropical Africa, respectively [1,4].
Thesium plants are root hemiparasites that usually grow as herbs or subshrubs. They
have linear or scale-like leaves that lack petioles and dry, nut-like fruits that often form
elaiosomes [1,5,6]. Several species of Thesium have traditional and contemporary uses,
particularly as medicines and functional foods in Africa and Asia [3].

Thesium has a long history of different circumscriptions and infrageneric classifications
(see Ref [7]), since it was described by Linnaeus in 1753 [8]. Prior to a recent molecular
study by Zhigila et al. (2020) [7], infrageneric groupings were based predominantly on
morphological characters, and the proposed infrageneric classification systems (subgenera,
sections, series, etc.) were geographically biased (e.g., Refs [9-12]). Zhigila et al. (2020) [7]
presented a revised infrageneric classification for Thesium based on molecular data from one
nuclear and three plastid gene regions, for 160 samples representing 116 Thesium species.
They recognised five subgenera within Thesium based on five well-supported phylogenetic
clades: Subgenus Hagnothesium (A.DC.) Zhigila, Verboom and Muasya, Subgenus Thesium,
Subgenus Discothesium (A.DC.) Zhigila, Verboom and Muasya, Subgenus Psilothesium
(A.DC.) Zhigila, Verboom and Muasya and Subgenus Frisea (Rchb.) Hendrych [7]. These
five subgenera are supported by a strong geographical component, with Subgenus Thesium
occurring mainly in Eurasia, Subgenus Psilothesium in tropical Africa and South America,
and Subgenera Hagnothesium, Discothesium and Frisea in South Africa. The molecular
phylogeny also confirmed that previous groupings based on morphology, particularly
those proposed by Hill (1915) [9] for South African species, were artificial. However,
although some clades, such as Subgenus Hagnothesium, and, to a degree, Subgenus Thesium
and Subgenus Discothesium, have clear morphological apomorphies, the prevalence of
homoplasious characters within the genus complicates the morphological diagnoses of
some clades and subclades proposed by Zhigila et al. (2020) [7]. Furthermore, while
their study presented strong molecular support for the five main clades, some internal
nodes were unresolved and showed incongruent placements between nuclear and plastid
phylogenetic trees [7]. This incongruence was especially prominent in the largest clade,
Subgenus Frisea (clade 5), which consists of 103 southern African Thesium species [7]. It is
clear that although broad groupings within Thesium have largely been resolved, uncertainty
remains regarding the placement of numerous species, as well as several natural groups
within Thesium. Furthermore, some molecular clades lack clear diagnostic morphological
characters (synapomorphies) to inform taxonomic revisions, and the placement of species
not included in any molecular studies to date remains uncertain. Additional non-molecular
and non-morphological data, such as information on patterns of variation in phytochemical
compounds, as reported by Stander et al. (2019) [13] in a few Thesium species used as Cape
herbal teas, might shed light on several remaining questions on the systematics of Thesium
and provide additional evidence for the current groupings.

Chemophenetic information on Thesium is limited. The only chemophenetic report
for Thesium was completed by De Kock and Rapson in 1938 [14] on 17 Thesium species
endemic to the Greater Cape Floristic Region (GCFR) in South Africa. They showed that
the presence or absence of an unidentified phlobatannin and/or an unidentified volatile
oil glycoside in Thesium species corresponded with infrageneric sections of the time that
were proposed by Hill (1915) [9] based on floral morphology. Species from Section Imberbia
A W.Hill contained both the phlobatannin and the volatile o0il glycoside; species from
Section Annulata A.-W.Hill contained neither of the compounds; and species from Section
Barbata A.W.Hill contained only the phlobatannin, only the volatile oil glycoside, both
compounds or neither compounds [9,14]. While their results show some phytochemical
support for the infrageneric sections of the time, several recent molecular studies have not
only shown that Hill’s sections are paraphyletic [4,7,15] but also that the species grouped
together by De Kock and Rapson (1938) [14] are paraphyletic.

As with chemophenetics, knowledge on the phytochemical compounds found in
Thesium is limited. In a recent literature review, Lombard et al. (2020) [3] found that the
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phytochemical compounds of only eight Thesium species have been studied. A total of
70 phytochemical compounds (mainly phenolics, fatty acids and alkaloids) were isolated
from these eight species. It should be noted that 60 of the 70 phytochemical compounds
were isolated from only two species (T. chinense Turcz. from Asia and T. humile Vahl from
the Mediterranean area), and the phytochemical composition of 1340 species remains
unknown [3]. This limited knowledge is surprising, considering that Thesium species are
used in +40 functional foods, as medicine to treat £130 ailments and its reported toxicity
in some species [3].

Given (1) the remaining knowledge gaps in species relationships and natural groups
within Thesium, (2) the need for apomorphic characters that support molecular clades, (3) the
paucity of information on phytochemical composition patterns in Thesium and (4) the outdated
nature of current chemophenetic research on the genus, an exploratory chemophenetic study
of Thesium is warranted. An investigation of phenolic compounds was a logical starting point
for such an exploratory study as phenolics; in particular, flavonoids are the most common
compounds found thus far in Thesium [3], especially those traditionally used as herbal teas.
The aims of this study, as part of ongoing systematic studies of Thesium, were to (1) conduct an
exploratory investigation on the phenolic compounds present in Thesium and to (2) investigate
the chemophenetic value of patterns in phenolic compound variation in Thesium at the generic
level, infrageneric level, interspecific level and infraspecific level. This study provides the
first account of phenolic variation in Thesium, Lacomucinaea and Osyridicarpos, including the
first phytochemical accounts of 49 Thesium species and O. schimperianus.

2. Materials and Methods
2.1. Plant Material Used

A total of 156 samples of 50 Thesium species from Africa, Madagascar, Europe and
Asia were included in this study. All five subgenera within Thesium are represented:
1 species (of 8) from Subgenus Hagnothesium, 3 species (of +65) from Subgenus Thesium, 2
species (of 13) from Subgenus Discothesium, 21 species (of £98) from Subgenus Psilothesium
and 23 species (of £103) from Subgenus Frisea. Of the 156 Thesium samples (50 species)
included here, 142 samples (44 species) were collected by the authors from live plants at
several sites across South Africa during the summer seasons of 2016 to 2019 and air dried
before extraction. Where possible, multiple populations (one to three) of a species were
sampled and multiple samples (one to five) collected from each population. Each species is
therefore represented by between one and nine samples. A further six air-dried samples
of two Eurasian species, T. ebracteatum Hayne and T. ramosum Hayne, were obtained from
collections made by Zigmantas Gudzinskas in Lithuania. Eight samples of four species
(T. chinense from Asia, T. cymosum A.W.Hill and T. cf. ussanguense Engl. from southern and
eastern Africa, and T. cf. leandrianum Cavaco and Keraudren from Madagascar) were also
taken from herbarium specimens. Every attempt was made to include samples from the
full geographical range and morphological variation of the genus.

The two monotypic genera that are sister to Thesium, Lacomucinaea and Osyridicarpos [1]
were also investigated using three and one samples, respectively. A list of all samples with
corresponding voucher information is provided in Table 1.

2.2. Extraction

Samples consisted of above-ground parts (including leaves, stems, flowers and fruits)
of plants and were finely ground using a mortar and pestle. Approximately 0.2 g of each
sample was extracted using 50% methanol in water containing 1% formic acid (1.5 mL) by
soaking it overnight. This was followed by extraction in an ultrasonic bath (0.5 Hz, Integral
Systems, South Africa) for 60 min at room temperature. The extracts were lastly centrifuged
(Hermle Z160 m, 3000 x g for 5 min).
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Table 1. List of samples used in this study, including their species names, subgenera, sample codes, countries of origin, collection localities and dates, and voucher

details. Vouchers are housed in the Pretoria National Herbarium, South Africa (PRE). Samples included in multivariate statistics are indicated with an

1y

Collection Details

Sample No. Species Subgenus Sample Code
Country Locality Date Voucher
1 . 1_T.acumi_Al*
F Rchb. ~ L 1
’ Thesium acuminatum AW Hill risea (Rchb.) 2 Tacumi A2* South Africa V\.festern.Cape, 2018/09/13 Visser and van Wyk
Hendrych . " Silvermine 305
3 3_T.acumi_A3
4 Psilothesium (ADC.) 4 T.acuti_Al* South Africa Fastern Cape, 2018/11/04 Visser et al. 369
. . . . Grahamstown area
Thesium acutissimum A.DC. Zhigila, Verboom Eastern Cape
5 and Muasya 5_T.acuti_B1* South Africa pe 2018/11/04 Visser et al. 370
Grahamstown
6 6_T.aster_Al
7 7_T.aster_A2
= = KwaZulu- 1
8 8_T.aster_A3 South Africa Cwa \‘;; Il\Iata ’ 2018,/02/02 van Wyk s.n.
9 9_T.aster_A4 ape vida
10 Thesium asterias A.W.Hill Psilothesium 16_T.aste;_ A5
11 11_T.aster_B1 * Limpopo,
12 12_T.aster_B2* South Africa Lekgalameetse 2017/12/05 Visser and le Roux 291
13 13_T.aster_B3 * Nature Reserve
14 14_T.carin_A1l
15 Thesium carinatum A.DC. Frisea 15_T.carin_A2 South Africa Western Cape 2017 van Wyk s.n.
16 16_T.carin_A3
17 Thesium chinense Turcz. var. . 31_T.chine_A1l . ;
18 longipedunculatum Chu Thesium 32_T.chine_A2 China 2004/05/04 Guo 1506034
19 Thesium chinense Turcz. var. . 34_T.chine_B1 * Honshu, Tsukuba Konta and Momose
20 chinense Thesium 35_T.chine_B2 * Japan City 1997/05/07 18144
21 36_T.commu_Al * West C Vi J Wik
22 Thesium commutatum Sond. Frisea 37_T.commu_A2 * South Africa S'f stern L-ape, 2018/09/13 382567 ana oan Wy
23 38_T.commu_A3 * rvermine
24 39_T.confi_Al* Fastern Cape
25 Thesium confine Sond. Psilothesium 40_T.confi_A2* South Africa . pe, 2016/10/26 Visser and le Roux 208
. Middelburg area
26 41_T.confi_A3*
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Table 1. Cont.

Collection Details

Sample No. Species Subgenus Sample Code -
Country Locality Date Voucher
27 42 _T.costa_Al Gauteng, Pretoria
28 43_T.costa_A2 South Africa National Botanical 2016/10/18 le Roux 184
29 44 T.costa_A3
30 Thesium costatum A.W.Hill Psilothesium 48:T.§gztz:C1 " Sizdin .
31 49_T.costa_C2* South Africa D 2017/12/05 Visser and le Roux 293
32 50_T.costa_C3 * &
33 51_T.cupre_Al South Africa pvazulu-Natal Sant - 5017/01/31 Visser et al. 252
KwaZulu-Natal,
34 Thesium cupressoides AWHill  DPsilothesium 52_T.cupre_B1 South Africa Umtamvuna Nature ~ 2017/02/01 Visser et al. 253
Reserve area
KwaZulu-Natal,
35 53_T.cupre_C1 South Africa Umtamvuna Nature ~ 2017/02/02 Visser et al. 262
Reserve
36 Thesium cymosum A.W.Hill Psilothesium 30_T.cymos_Al Mozambique Manica, Mavita 1944/10/25 Mendonga 2565
37 54_T.david_A1* i
38 Thesium davidsoniae Brenan Psilothesium 55:T. dza d: A2 * South Africa E;I:SI;I?ESO’P?::?] 2017/12/04 Visser and le Roux 289
39 56_T.durum_A1* Eastern Cape, Lad
40 57_T.durum_A2* South Africa Cre pe y 2018/10/30 Visser et al. 352
41 Thesium durum Hilliard and Fri 58_T.durum_A3 * y
42 B.L.Burtt nsea 59_T.durum_B1 *
* . Eastern Cape, .
43 60_T.durum_B2 South Africa R nd 2018/11/02 Visser et al. 362
44 61_T.durum_B3 * ossouw-indwe area
45 62_T.ebrac_Al*
46 Thesium ebracteatum Hayne Thesium 63_T.ebrac_A2* Lithuania - 2018/06 Gudzinskas s.n.
47 64_T.ebrac_A3*
48 Thesium cf. elatius Sond. Frisea 17_T.elati_Al1 * South Africa Westgirn Cape, 2018/09/14 Visser et al. 312
Betty’s Bay
49 ) . 65_T.eupho_Al* Western Cape
Th horbioid - - pe
50 eI CUpHOTDIoNdeS Frisea 66_T.eupho_A2 * South Africa Fernkloof Nature 2018/09/14 Visser et al. 316
P.J.Bergius
51 67_T.eupho_A3 * Reserve
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Table 1. Cont.

Collection Details

Sample No. Species Subgenus Sample Code -
Country Locality Date Voucher
52 68_T.euphr_Al* W C Vi i Wik
53 Thesium euphrasioides A.DC. FErisea 69_T.euphr_A2 * South Africa 4 ester}r: ipe, 2018/09/12 3(1)50567’ and van Wy,
54 70_T.euphr_A3 * ranschoek area
55 71_T.flexu_A1* Fastern Cape
56 72_T.flexu_A2* South Africa pe, 2018/12/30 Visser 379
Hankey area
>7 Thesium flexuosum A.DC j 73 Tflexu_A3*
58 P Frisea 74_T.flexu_B1 * Erstem €
59 75_T.flexu_B2 * South Africa e b 2018/11/04 Visser et al. 368
60 76T flexu B3 * rahamstown area
61 77_T.folio_A1* Eastern Cape, Van
62 Thesium foliosum A.DC. Frisea 78_T.folio_A2* South Africa Stadens Wild Flower ~ 2018/12/30 Visser 380
63 79_T.folio_A3 * Local Nature Reserve
64 Thesium cf. frisea L. Frisea 18_T.frise_Al* South Africa West(?rn Cape, 2018/09/14 Visser et al. 310
Betty’s Bay
65 Thesium fruticosum A.W.Hill Frisea 80_T.fruti_A1* South Africa Fastern Cape, 2018/11/04 Visser et al. 371
Grahamstown
66 19_T.gnidi_A1l* Eastern C Elliot
67 Thesium cf. gnidiaceum ADC.  Psilothesium 20_T.gnidi_A2 * South Africa astern L-ape, EHOL — 9018/11/01 Visser et al. 360
1 “ area
21_T.gnidi_A3
Thesium gypsophiloides KwaZulu-Natal,
69 1t 8Ypsop Psilothesium 82_T.gypso_Al* South Africa Vernon Crookes 2017/02/03 Visser et al. 269
AWHill
Nature Reserve
70 83_T.hispi_Al*
T Thicen: Western Cape, ;
72 85_Thispi_A3 * 8
73 86_T.hispi_B1 * .
74 Thesium hispidulum Lam. Erisea 87_T.hispi_B2 * South Africa Western Cape, 2018/09/16 Visser and van Wyk
L " Piekernieskloof Pass 329
75 88_T.hispi_B3
76 89_T.hispi_C1* ., .
77 90_T.hispi_C2 * South Africa \I/<Vlest?1i§1 Cape, Bain’s 2018/09/16 ‘3/;57567’ and van Wyk
78 91_Thispi_C3 * oot Fass
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Table 1. Cont.

Collection Details

Sample No. Species Subgenus Sample Code -
Country Locality Date Voucher

79 92_T.imbri_A1l* Eastern C
80 93_T.imbri_A2 * South Africa Ras ern ?PZ' 2018/11/02 Visser et al. 363
81 Hesium imbri b i 94 Timbri A3* ossouw-Indwe area
82 Thesium imbricatum Thunb. risea 95_Timbri Bl * ot c
83 96_T.imbri_B2 * South Africa N‘;S lem ape, 2018/10/31 Visser et al. 357
84 97_T.imbri_B3 * aclear area

. . . Eastern Cape, .
85 Thesium impeditum A.W.Hill Psilothesium 98_T.imped_A1l South Africa Hogsback area 2018/11/03 Visser et al. 366
86 115_T.imped_B1 * South Africa g;:j State, Frankfort 2016/12/12 Visser and le Roux 233
87 Thesium junceum Bernh. Frisea 99_Tjunce_Al* South Africa f;;;fé;riig:’ 2018/10/31 Visser et al. 356
88 100_T.karoo_A1* Western Cape
89 Thesium karooicum Compton Frisea 101_T.karoo_A2* South Africa Montaeu pe 2018/09/15 Visser et al. 318
90 102_Tkaroo_A3 * &
91 Thesium cf. leandrianum Psilothesium 22 Tleand_A1* Madagascar Marojejy National =459 /5 /15 Miller and Lowry 4171

Cavaco and Keraudren Park

92 Thesium magalismontanum ) , 108_T.magal_Al* . Gauteng, Dinokeng
93 Sond. Psilothesium 109_T.magal_A2 * South Africa Nature Reserve 2017/12/12 Nel 482
94 Hagnothesium (A.DC.)  110_T.micro_A1* Western Cape
95 Thesium microcarpum A.DC. Zhigila, Verboom 111_T.micro_A2* South Africa Ob-de-Tra dI(J)L;w 2018/09/15 Visser et al. 323
96 and Muasya 112_T.micro_A3 * P
97 . . . 113_T.multi_A1 * . s .
98 Thesium multiramulosum Pilg.  Psilothesium 1 4:T.$Eltt AD* South Africa Limpopo, Uitsig 2017/12/04 Visser and le Roux 282
99 . . 23_Tnigro_Al* .
100 Thestum cf. wigromontanuntp gy 24_Tnigro_A2* South Africa Destern Cape, 2018/09/12 Yisser and var Wk
101 ond. 25_T.nigro_A3 * ranschoek Fass
102 Thesium ovatifolium . . 116_T.ovati_Al* . KwaZulu-Natal, Visser and Lombard
103 N.Lombard and M.M.leRoux Psilothesiunm 117_T.ovati_A2 * South Africa Ngome area 2018/10/14 346
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Table 1. Cont.
Collection Details
Sample No. Species Subgenus Sample Code -
Country Locality Date Voucher
104 118_T.palli_Al* . Free State, Platberg .
105 Thesium pallidum A.DC. Psilothesium 119_T.palli_A2 * South Africa Nature Reserve 2016/12/14 Visser and le Roux 239
106 120_T.palli_B1 * South Africa Eastern Cape, 2018/11/01 Visser et al. 359
Maclear area
107 121_T.proce_Al Gauteng, Pretoria
108 Thesium procerum N.E.Br. Psilothesium 122_T.proce_A2 South Africa National Botanical 2017/10/13 Visser 276
109 123_T.proce_A3 Garden
110 ) . 124 T.pubes_Al* . Western Cape, Visser and van Wyk
11 Thesium pubescens A.DC. Frisea 125_T.pubes_A2 * South Africa Citrusdal area 2018/09/16 331
112 Thesium racemosum Bernh. Psilothesium 126_T.racem_A1l* South Africa Limpopo, Woodbush 2017/12/04 Visser and le Roux 288
Forest Reserve area
113 127_T.ramos_A1l*
114 Thesium ramosum Hayne Thesium 128_T.ramos_A2 * Lithuania - 2018/06 Gudzinskas s.n.
115 129_T.ramos_A3 *
116 Thesium resedoides A.W.Hill Psilothesium 130_T.resed_A1* South Africa Gauteng, Dinokeng 2017/12/12 Nel 481
Nature Reserve
117 131_T.scand_A1* East C
" . astern Cape, .
118 Discothesium (A.DC.) 132_T.scand_A2 South Africa Paterson area 2018/11/04 Visser et al. 373
119 . . . 133_T.scand_A3 *
Thesium scandens Sond. Zhigila, Verboom Eastern C
and Muasya astern Lape, )
120 134_T.scand_B1 * South Africa Baviaan River 2018/11/05 Visser et al. 376
Conservancy
Gauteng,
121 Thesium scirpioides A.W.Hill Frisea 135_T.scirp_Al* South Africa Suikerbosrand 2016/12/12 Visser and le Roux 232
Nature Reserve
122 136_T.sonde_A1 * Eastern C
123 Thesium sonderianum Schltr. Frisea 137_T.sonde_A2 * South Africa astern \-ape, 2018/11/06 Visser et al. 378
" Nieu-Bethesda area
124 138_T.sonde_A3
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Table 1. Cont.
Collection Details
Sample No. Species Subgenus Sample Code -
Country Locality Date Voucher
125 103_T.spica_A1l
126 104_T.spica_A2
127 Thesium spicatum L. Frisea 105_T.spica_A3 South Africa Western Cape 2017 van Wyk s.n.
128 106_T.spica_A4
129 107_T.spica_A5
130 139_T.stric_Al
131 140_T.stric_A2 South Africa Western Cape 2017 van Wyk s.n.
132 141_T.stric_A3
133 142_T.stric_B1 * Western C
134 Thesium strictum PJ.Bergius Frisea 143_T.stric_B2 * South Africa estern L-ape, 2018/09/15 Visser et al. 325
. " Tradouw Pass
135 144 _T.stric_B3
136 145_T.stric_C1 * West C
137 146_T.stric_C2 * South Africa BBl P 2018/09/14 Visser et al. 309
138 147_T.stric_C3 * oS
139 148_T.trans_A1l* South Africa Gauteng, Waverley 2016/10/22 Visser and le Roux 201
140 j 1 j 149_T.t B1*
i Thesium transvaalense Schltr. Psilothesium 150:T,tizﬁz:]32 ) South Africa Gauteng, Waverley 2016/10,/22 Visser and le Roux 200
142 Thesium triflorum L.f. Discothesium 26_T.trifl A1* South Africa Ex;\éeiiaZulu—Natal, St. 2018/02/02 van Wyk s.n.
143 . ) 27_T.ussan_Al* . . . Torre and Pereira
144 Thesium cf. ussanguense Engl. Frisea 29 Tussan A3 * Mozambique Manica, Serra Zuira 1965/11/09 12.809
KwaZulu-Natal, Lombard and le Roux
145 415_T.vahrm_A1* South Africa iSimangaliso 2020/01/14 415
) o , ) Wetland Park
Thesium vahrmeijeri Brenan Psilothesium
KwaZulu-Natal, Lombard and le Roux
146 418_T.vahrm_A2* South Africa iSimangaliso 2020/01/15
418
Wetland Park
147 Thesium virgatum Lam. Frisen 81_T.virgat_A1 * South Africa Western Cape, 2018/09/12 Visser and van Wyk

Franschoek area

299B
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Table 1. Cont.

Collection Details

Sample No. Species Subgenus Sample Code -
Country Locality Date Voucher
148 151_T.zeyhr_Al1*
149 152_Tzeyhr_A2*  South Africa ;rete Stae Platberg  5414/12/14 Visser and le Roux 240
150 153_T.zeyhr A3 * ature xeserve
151 154_T.zeyhr_B1 * Eastern C
152 Thesium zeyheri A.DC. Psilothesium 155_T.zeyhr_B2 * South Africa N‘;S lem ape, 2018/10/31 Visser et al. 354
153 156_T.zeyhr B3 * aclear area
154 157_T.zeyhr_C1 * Eastern C
155 158_T.zeyhr_C2 * South Africa Ras em ?PZ' 2018/11/02 Visser et al. 364
156 159_T.zeyhr_C3 * ossouw-indwe area
Osyridicarpos schimperianus Limpopo,
) - . . )
157 (Hochst. ex A Rich.) A.DC. Osyridicarpos_292 South Africa Lekgalameetse 2017/12/05 Visser and le Roux 292
Nature Reserve
158 Lacomucinaea_394*  South Africa Northern Cape, 2019/11/28 Lombard and le Roux
Postmasburg area 394
. . Northern Cape,
159 IL\‘IZiCcin;zrifcn:rig lﬁ.eitlac(;é; Lacomucinaea_401*  South Africa aB:;agenaarspadpas 2019/11/29 éLLg;nbard and le Roux
160 Lacomucinaea_405*  South Africa Northern Cape, 2019/11/29 Lombard and le Roux

Witsand area

405

The uppercase letters (A, B and C) in the sample codes of samples 1-156 refer to different populations of a species and the numbers to different individuals (e.g., Al = individual one of
population one; C2 = individual two of population three).
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2.3. Standards

Standards of nine compounds (flavonoids and organic acids), namely caffeic acid,
catechin, citric acid, epicatechin, ferulic acid, gallic acid, p-coumaric acid, rutin and quinic
acid were prepared at concentrations of 1.95 pg/mL, 3.9 ug/mL, 15.6 ug/mL, 31.25 ug/mL,
62.5 pg/mL, 125 ug/mL and 500 pg/mL with the same solvent used for sample extraction
(50% methanol in water containing 1% formic acid).

2.4. Liquid Chromatography—~Mass Spectrometry (LCMS)

High-resolution UPLC-MS analysis was conducted using a Waters Synapt G2 Quadrupole
time-of-flight (QTOF) mass spectrometer (MS) and a Waters Acquity ultra-performance liquid
chromatograph (UPLC) (Waters, Milford, MA, USA). Negative mode was used for electro-
spray ionisation with a cone voltage of 15 V, desolvation gas at 650 L/h and desolvation
temperature of 275 °C. The other mass spectrometry settings were optimised for best resolu-
tion and sensitivity. Data were attained by scanning from /z 150 to 1500 in the resolution
mode and MSF mode. In the MSF mode, two channels of mass spectrometry data were
collected: the first at low collision energy (4 V) and the second with a collision energy ramp
(40-100 V) for fragmentation data. Accurate mass determination was performed with leucine
enkephalin as a mass reference, and the instrument was calibrated with sodium formate.
A Waters HSS T3, 2.1 x 100 mm, 1.7 um column was used for separation. The injection
volume was 2 pL, and the mobile phase consisted of 0.1% formic acid (solvent A), as well as
acetonitrile with 0.1% formic acid (solvent B). After 1 min of 100% solvent A, the gradient
changed linearly to 28% solvent B over 22 min, 40% solvent B over 50 s, followed by a wash
step of 1.5 min at 100% solvent B and, finally, re-equilibration to the initial conditions for
4 min. The column temperature was sustained at 55 °C, and the flow rate was 0.3 mL/min.

2.5. Compound Identification

Provisional identifications of compounds are provided based on a combination of the
following information: correlation with standards, data in previous publications on Thesium,
as well as the fragmentation data, elemental composition (based on accurate mass), relative
retention times and UV data of peaks. Online databases, including Chemspider (www.
chemspider.com, accessed on 11 November 2020), KNApSAck (www.knapsackfamily.com/
knapsack.core, accessed on 10 January 2022) and METLIN (metlin.scripps.edu, accessed
on 18 January 2022), were used. Quinic acid derivatives showing an m/z 191 fragment
ion, ferulic acids (m/z 193), coumaric acids (m/z 163) and combinations of these occurred
in many samples. Flavonol bases (fragment ions of kaempferol m/z 285, quercetin m/z
300 and m/z 315 isorhamnetin) with different mono-and diglycosides (loss of m/z 162 for
hexose, —146 for rhamnose, —308 for dihexoside) were also detected. Further identifications
of observed compounds are beyond the scope of this study and may be addressed in future
studies, especially in those species with interesting and as yet unidentified compounds.

2.6. Multivariate Analysis

To ensure accurate peak alignment, only samples with little retention time drift were
included in the multivariate analysis. A total of 128 samples (46 species) fitted this criterion
and are indicated with an “*” in Table 1. The remaining 28 samples were manually studied
and compared. Raw mass spectrometry data were processed using the MarkerLynx XS
function of MassLynx version 4.1 software (Waters Inc., Johannesburg, South Africa, 2012).
The peak detection analysis was used to align peaks, as well as to convert raw data to
retention time—-mass pairs with the signal intensity for each peak. Only peaks between
4 and 25 min retention time were included, and the analysis was run with the following
method parameters: low mass = 120, high mass = 1300, XIC window (Da) = 0.01, use
relative retention time = no, peak width at 5% height (seconds) = 15, apply smoothing = yes,
marker intensity threshold = 500, mass window = 0.05, retention time window = 0.80, noise
elimination level = 200 and deisotope data = yes. Peak alignment was checked manually
for accuracy. Pareto scaling was applied.


www.chemspider.com
www.chemspider.com
www.knapsackfamily.com/knapsack.core
www.knapsackfamily.com/knapsack.core
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Generic, infrageneric, interspecific and infraspecific relationships were investigated
and visualised using Python version 3.8 (Python Software Foundation, 2001-2022; https:
//www.python.org/downloads/, accessed on 8 December 2020) with the Scikit-learn 0.23.2
and Matplotlib 3.3 Libraries, as well as MetaboAnalyst version 5.0 software (Xia Lab, McGill
University, 2020; https:/ /www.metaboanalyst.ca/home.xhtml, accessed on 8 December
2020). In Python, the Markerlynx mass spectra data were firstly normalised to compensate
for the variance in concentration and to ensure equal representation in the dataset, thereby
facilitating comparative analysis. Normalisation involved scaling each sample vector
to a unit norm, independently of other samples, so that all values were represented on
a common scale. The dimensionality of the dataset was then reduced using principal
component analysis (PCA). This was performed both to gain a better understanding of the
important features in the dataset and to reduce dimensional complexity for further analysis
steps without significant reduction in accuracy. The minimum number of PCA components
to be evaluated were selected, so that the amount of variance that needed to be explained
by this number of components was greater than two times the standard deviation (95.45%)
of data coverage. In this case, 44 PCA components were sufficient to explain the variation
in the data to more than two standard deviations, and by examining the loading factors
for each of these PCA components, it is possible to visualise the causative factors, which
contributed the most variation within the dataset. Next, unsupervised clustering analysis
was preformed using the mean shift clustering algorithm (or the mode-seeking algorithm).
This is a non-parametric kernel density estimation-based algorithm that attempts to seek the
densest region of samples iteratively. The mean shift algorithm does not require specifying
the number of clusters in advance; the number of clusters is conferenced by the data. The
algorithm initially assigns each point in the feature space as a possible cluster centroid,
and the distribution distances of points in the feature space are used to estimate the kernel
bandwidth parameter, also known as the attractive interaction distance between samples.
Iteratively, the mean of all additional points within the bandwidth of the initial centroids
determines the new set of centroids (kernel density estimation) and assigns each data
point to the closest cluster centroid until convergence is achieved. After convergence, the
remaining cluster centres define the number of clusters, and the data points associated with
the same centroid are members of the same cluster. The kernel density estimate bandwidth
parameter significantly impacts the accuracy and precision performance of the mean shift
algorithm. The bandwidth parameter was estimated for this feature space to be the average
of the distance of each vector to its k-nearest neighbour (kNN), relative to the furthest
distance between the feature vectors. Setting the number of k-nearest neighbours to 6-7%
of the total sample set yielded optimal results.

In MetaboAnalyst, raw peak intensity data from MarkerLynx were normalised by
sum, log transformed and scaled using automatic scaling, after which two- and three-
dimensional PCA plots and hierarchical clustering dendrograms (using Euclidean distance
and Ward clustering) were computed to show infraspecific relationships.

2.7. Phylogenetic Comparison

Generic, infrageneric and interspecific relationships were also investigated in a phylo-
genetic framework by plotting the main 33 compounds observed (see Table 2) in Thesium
and Lacomucinaea (see Table 3) on the latest and most complete phylogeny [7]. A total of
27 Thesium species spanning all five subgenera overlapped between this study and the
phylogeny, as well as L. lineata.


https://www.python.org/downloads/
https://www.python.org/downloads/
https://www.metaboanalyst.ca/home.xhtml
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Table 2. The most common phenolic compounds and organic acids (peaks) detected in a total of 156 samples from 50 species of Thesium, along with their retention

time, molecular mass, molecular formula, fragments, standards used and preliminary identifications with associated references. The number of samples and species

in which each compound was observed at high levels (peak intensity > 30%) are also provided.

Retention Time mlz [M-H]~ Formula MS/MS Standard Identification Reference Number of Numb.er of
Samples Species
F1 3.05 191.0195 Ce¢H;07 170, 155 Citric acid Citric acid 38 26
559, 377,325, 279, Unknown sulphated
F6 4.30 612.1365 CHzgNO14S 161,97 compound 12 4
F11 5.99 389.1207 CyoH10g 165, 183, 209 Unknown 9 6
F12 6.01 339.1283 C14Hy5012/C13H23019 339,215,193/193 Dehydrodiferulic acid 20 10
F16 6.32 215.0564 CyoH110¢ 526’ 155,137, 111, Trimethyl Aconitate 10 4
F18 6.65 191.0555 C7H110¢ 129,115, 101 Quinic acid 35 14
361, 309, 263, 191,
F20 6.86 527.2552 C19Hy3016 179,119, 89 Unknown 22 5
Neochlorogenic acid
F28 9.50 353.0873 C16H1709 191, 179, 135 (3-caffeoylquinic acid) [16] 11 7
F33 10.01 173.0459 CyHyOs 129,111, 85 Shikimic acid derivative 18 7
F41 11.08 337.0923 C16H170g 191, 163, 119 Coumaroyl quinic acid 19 9
Chlorogenic acid
F49 11.67 353.0871 C16H1709 191 (5-caffeoylquinic acid) 20 7
191,179, 173, 135 Cryptochlorogenic acid
F50 11.90 353.0865 C16H1709 (4-caffeoylquinic acid) [16] 25 12
F58 12.39 367.1033 C17H1909 193,134 Feruloylquinic acid 11 7
F78 13.78 337.0955 C16H170g 191,173 Coumaroyl quinic acid 12 6
Fo0 15.05 367.1046 C17H1909 193,173 Feruloylquinic acid 7 6
Fo4 15.10 367.1024 C17H1909 191 Feruloylquinic acid 14 7
Quercetin rhamnosyl-
F100 15.49 755.2222 C33H390,9 300, 271, 255 thamnosyl-glucoside 18 11
F111 16.28 609.1619 Co7Hp9O16 300, 271, 255 Quercetin robinobioside 18 10
Kaempferol O-rhamnosyl-
F113 16.42 739.2306 C30Hy091 284, 255,227 rhamnosyl-hexoside 11 5
F122 17.20 609.1416 Cy7Hp901¢ 300, 271, 255 Rutin Rutin 80 27
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Table 2. Cont.

Retention Time m/z [M-H]~ Formula MS/MS Standard Identification Reference NSuaI:;];el::sf Ng;:z;:s(’f

F125 1727 449.1227 Co1H1On 287,151, 135 Eriodictyol -O-glucoside 10 4
F133 17.55 1043.2959 Cy8H5109¢ 755, 609, 447 Quercetin glycoside 11 4
F138  17.99 579.1522 Cy3H31017 300, 271, 255 g;g;‘;t;“ pentoside 1 5
F145 18.81 593.1492 Cy7Hp9015 285, 255 Kaempferol O-rutinoside [17] 36 15
F154 19.28 355.1417 C17H,305 193, 161 Ferulic acid derivative 12 6
F156 1936 623.1616 CasH31016 315, 300, 271 g_orri‘;;“;‘sggeo'glu“’“de 51 20
F173 21.46 933.269 Cy3H19093 661, 353 Unknown 10 4
Fl77 2211 933.2667 Cy43Hi9003 771, 661, 353 Unknown 10

F193 23.93 301.0364 Ci15HoO7 299, 271,151 Quercetin 11 5
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Table 3. Comparison of the main phenolic compounds and organic acids (peak intensity >30%) detected in Lacomucinaea, Osyridicarpos and Thesium.

Retention Time  m/z [M-H]~ Formula MS/MSc Lacomucinaea Osyridicarpos Thesium Identification Reference

F1 3.05 191.0195 CgH707 170,155 + + + Citric acid

F18 6.65 191.0555 CyH110¢ 129,115, 101 + Quinic acid

F25.4 8.76 463.1452 Ci9H»7013 293, 191,169, 149, + Unknown

125, 89

Hydroxytyrosol

F26 8.90 315.1080 C14H190g 153,123 + + O-glucoside

F28 9.50 353.0873 C16H1709 191, 179, 135 + + + Neochlorogenic acid [16]

‘ ‘ T (3-caffeoylquinic acid)

Cryptochlorogenic

F50 11.90 353.0865 Ci6H1709 191,179, 173,135 + + + acid (4-caffeoylquinic [16]
acid)
Unknown, possibly

F57 12.29 385.1160 C17H21019 223,208,179, 164 + + .
sinapoyl hexose

F58 12.39 367.1033 C17H1909 193,134 + + + Feruloylquinic acid

F78.5 13.81 769.1800 C33H370 667, 625 + Unknown

Fo0 15.05 367.1046 C17H1909 193,173 + + + Feruloylquinic acid

Fo4.1 15.15 753.1843 C4oH33015 591,489, 447,191, + Unknown

179, 161

Quercetin-O-

Fo4.2 15.15 625.1400 Cy7H29017 367,300, 191 + dihexoside

F114.1 16.58 601.2300 C31H37012 479,171 + + Unknown

F121.2 17.15 639.1600 CogH31017 315 + Unknown

F122 17.20 609.1416 Co7H29016 300, 271, 255 + Rutin

F136 17.67 463.0978 Cy5H1909 300, 271, 255 + + Quercetin-O-hexoside
Kaempferol

F145 18.81 593.1492 Co7H29015 285, 255 + O-rutinoside [17]
Isorhamnetin

F156 19.36 623.1616 CasH31016 315, 300, 271 + O-glucoside
O-rhamnoside

F207 24.89 265.1429 Ci5H104 97,183 + + Unknown
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3. Results
3.1. Overview of Phenolic Compounds

More than 200 individual peaks were recorded during the manual examination of
156 total ion chromatograms of 50 Thesium species, L. lineata and O. schimperianus (all
chromatograms are provided in Supplementary Figure S1). While the identification of all
peaks was not the aim of this study, preliminary identifications and information on the
£30 most common peaks observed in Thesium are provided in Table 2 and those of L. lineata
and O. schimperianus in Table 3. In all three genera, flavonols, carboxylic acids, phenolic
acids, organic acids and associated derivatives were the main compounds observed. A
flavanone (eriodictyol-O-glucoside) was also detected in 10 samples from four species.

In Thesium, rutin was the most common compound observed. Rutin was detectable
(peak intensity > 0) in all but 2 species (T. cymosum and T. cf. leandrianum) and was the main
peak (peak intensity > 30%) in 27 species. Other common compounds, present at peak
intensities of more than 30%, included citric acid (26 species), isorhamnetin O-glucoside
O-rhamnoside (20 species), kaempferol O-rutinoside (15 species), quinic acid (14 species),
cryptochlorogenic acid (4-caffeoylquinic acid) (12 species), quercetin rhamnosyl-rhamnosyl-
glucoside (11 species), dehydrodiferulic acid (10 species) and quercetin robinobioside
(10 species) (Table 2). Numerous peaks of coumaroylquinic acid, feruloylquinic acid and
flavonoid glycosides were also observed (Table 2).

Lacomucinaea had several prominent peaks, including citric acid, cryptochlorogenic
acid, neochlorogenic acid, sinapoyl hexose, quercetin-O-dihexoside and an unknown
compound (F121.2, Table 3). The main peaks observed in Osyridicarpos were citric acid,
cryptochlorogenic acid, neochlorogenic acid, hydroxytyrosol O-glucoside, feruloylquinic
acid and one unknown compound (F94.1, Table 3).

3.2. Chemophenetic Value at Generic Level

The PCA analysis and dendrogram showed both L. lineata and O. schimperianus to
be deeply embedded within Thesium (Figures 1 and 2), and no compound or group of
compounds were found to universally distinguish Thesium from Lacomucinaea or Osyridi-
carpos. Similarly, the main compounds plotted on the Zhigila et al. (2020) [7] phylogeny
overlapped between Thesium and Lacomucinaea (Figure 3).

With the exception of T. microcarpum A.DC. (see Section 4), all Thesium species had
one or more of the following six compounds in detectable amounts (peak intensity > 50):
rutin, citric acid, isorhamnetin O-glucoside O-rhamnoside, kaempferol O-rutinoside, quinic
acid and cryptochlorogenic acid. Three of the previously mentioned six compounds
(isorhamnetin O-glucoside O-rhamnoside, kaempferol O-rutinoside and quinic acid) were
not detected in L. lineata or O. schimperianus, and rutin was only detected at very low levels
(peak intensity < 0.2 in Lacomucinaea and <35 in Osyridicarpos) (Table 3). All three genera
had relatively high levels of citric acid, cryptochlorogenic acid, neochlorogenic acid and
feruloylquinic acid (Table 3; Supplementary Figure S1).

Lacomucinaea and Osyridicarpos seem to be distinguishable from one another based on
several compounds observed at high levels (peak intensity > 180) in each genus (see Table 3).
While these compounds are observed at high levels in Lacomucinaea and Osyridicarpos,
respectively, low levels (peak intensity < 100) were also occasionally present in the other
genera studied. A larger sampling of Lacomucinaea and Osyridicarpos plants is needed to
affirm these results.

3.3. Chemophenetic Value at Infrageneric Level

No discernible groupings were apparent among Thesium species using multivariate
statistics (Figures 1 and 2), comparison with the Zhigila et al. (2020) phylogeny [7] (Figure 3)
or manual examination of species’ total ion chromatograms (Supplementary Figure S1). In
the multivariate framework, neither the subgenera of the current DNA-based classification
(Figure 2) nor the species from the same geographic regions (Supplementary Figure S2) or
species with similar morphological characters (Supplementary Figure S3) grouped together.
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One exception was a cluster of three morphologically similar species endemic to South Africa
and Lesotho: T. imbricatum Thunb., T. karooicum Compton and T. sonderianum Schiltr. (Figure 2;
Supplementary Figure S3). Thesium scandens E.Mey. ex Sond., T. zeyheri A.DC., T. ramosum and
T. transvaalense Schltr. were somewhat separated from the other species in the PCA analysis
(Figure 1) and T. zeyheri and T. transvaalense in the dendrogram (Figure 2). Thesium zeyheri was
the only species in which F7 (unknown sulphated caffeic acid derivative) was detected at high
levels (peak intensity > 3), and both T. zeyheri and T. transvaalense had low levels of rutin (peak
intensity < 12). Other compounds responsible for variation in principal components one to
three and their details are provided in Supplementary Figure 54 and Supplementary Table S1.
Another exception were the slight differences in the phenolic and organic acid composition of
Subgenus Hagnothesium (see Section 4).

Estimated clusters (bw = 0.154)

T. scandens

L. lineata
O. schimperignus

T. ramosum

m&@’“

L. lineata

AL
e [

g T4 0.
it (:‘7189‘1“3\0}1

Figure 1. Principal component analysis with cluster map showing the relationships among
46 Thesium species, Lacomucinaea lineata and Osyridicarpos schimperianus, based on phenolic com-
pound composition. Clusters are indicated with different colours. Species names corresponding to
sample labels are provided in Table 1.
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Figure 2. Dendrogram with clusters showing the relationships among 46 Thesium species, Laco-

mucinaea lineata and Osyridicarpos schimperianus, based on phenolic compound composition. The

placements of subgenera are also shown: Discothesium (clear triangles), Frisea (solid triangles), Hag-

nothesium (clear circles), Psilothesium (solid circles) and Thesium (clear squares). Clusters are shown in

different colours. Species names corresponding to sample labels are provided in Table 1.
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Figure 3. Patterns of phenolic compound variation observed in Thesium (27 species) and Lacomucinaea
(1 species) within a phylogenetic framework. The most common phenolic compounds (peaks) de-
tected in Thesium (see Table 2) and Lacomucinaea (see Table 3) are plotted on the most recent molecular
phylogeny (adapted from [7]). The presence of compounds (peaks) in species is indicated with solid
circles, and the five subgenera are shown in different colours. Compound names correspond with the
information provided in Tables 2 and 3.

3.4. Chemophenetic Value at Interspecific Level

While no interspecific level signals were found in the phylogenetic framework (Figure 3),
the multivariate framework and manual examination of species’ total ion chromatograms
revealed an interesting result. Almost all Thesium species, as well as both L. lineata and
O. schimperianus, were largely distinct from one another in the combination of peaks and,
to a lesser extent, relative peak intensities (Supplementary Figures S1 and S5). Indeed,
42 of the 50 species had at least one main peak that was not present in any of the other
species. Furthermore, in the 38 species represented by multiple samples, the samples of
each species not only grouped together (Figure 2) but also correlated more closely to one
another than to those of other species (Figure 4). This indicates that phenolic total ion
chromatograms might be useful in species identification when used in combination with
morphological characteristics. In the three species (T. pallidum A.DC., T. impeditum A.W.Hill
and T. zeyheri; Figure 2) where samples of a species did not group together, manual examina-
tion of their total ion chromatograms proved them to be conspecific (Supplementary Figure
S1). Conversely, four species (T. asterias A.W.Hill, T. costatum A.W.Hill, T. strictum P.]J.Bergius
and T. cf. ussanguense) showed substantial variation (Supplementary Figures S1 and S2)
(see Section 4).
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Figure 4. Correlation heatmap showing the similarities among 128 samples of 46 Thesium species,
as well as sister genera Osyridicarpos and Lacomucinaea, based on phenolic compound composition.
Darker colours indicate higher similarity between samples. Species names corresponding to sample
labels are provided in Table 1.

3.5. Chemophenetic Value at Infraspecific Level

Out of the 38 species included in the PCA analysis, 4 species were represented by
multiple samples from different populations. These species included T. durum Hilliard
and B.L.Burtt (two populations), T. flexuosum A.DC. (two populations), T. hispidulum Lam.
(three populations) and T. imbricatum (two populations). In T. durum, the samples from the
same populations grouped together, thereby indicating that the two populations differed
(Figure 5A). This difference was driven by slight variances in peak intensities and not
dissimilarities in peak composition (Supplementary Figure S1). In the remaining three
species (Figure 5B-D), the samples from populations intermixed, indicating that there were
no distinguishable differences among populations in peak intensities or peak composition.
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4. Discussion

This study investigated the phenolic compound composition and chemophenetic rela-
tionships of 50 Thesium species, L. lineata and O. schimperianus, at the generic, infrageneric,
interspecific and infraspecific levels. To our knowledge, it is the first study on patterns in
phenolic compound variation in Thesium, Lacomucinaea and Osyridicarpos, and the second
and most comprehensive chemophenetic study of Thesium to date (after that of De Kock
and Rapson in 1938 [14]). With the exception of T. chinense and L. lineata, the phytochemistry
of all of the species included here is studied for the first time.

In line with previous studies (e.g., Refs [3,18-23]), the phenolic compounds found
in Thesium were mainly flavonols, carboxylic acids, phenolic acids and associated deriva-
tives. Although the phenolic compound diversity in Thesium appears to be high (more
than 200 prominent peaks were observed), the majority of the compounds are relatively
common in the plant kingdom (e.g., citric acid, rutin, chlorogenic acid isomers, quinic acid
derivatives and flavonoid glycosides). To our knowledge, several compounds, including
cryptochlorogenic acid, neochlorogenic acid, coumaroylquinic acid, feruloylquinic acid,
eriodictyol and quercetin are reported here for the first time in Thesium (see Ref [3]). No
flavones were detected as major compounds, even though glycosides of apigenin, luteolin
and chrysoeriol were previously reported from T. chinense.

Overall, the phenolic and organic acid composition seems to have some chemophenetic
value at the generic level but limited value at the infrageneric level. Preliminary results show
distinctive phenolic and organic acid differences between Lacomucinaea and Osyridicarpos,
which support molecular data to retain them as separate genera [1]. While both genera
have leaves with distinct petioles and smooth fleshy fruit, there are noteworthy differences
in, among others, the shape of the leaves and the structure of the flowers [1]. In Thesium,
however, no compound or group of compounds could be found to universally differentiate
all Thesium species from Lacomucinaea or Osyridicarpos. Nevertheless, the majority of Thesium
species have at least one of six compounds (rutin, citric acid, isorhamnetin O-glucoside O-
rhamnoside, kaempferol O-rutinoside, quinic acid and cryptochlorogenic acid) at relatively
high intensities. One exception is T. microcarpum, in which only very low levels of citric acid
and rutin were detected. Thesium microcarpum forms part of Subgenus Hagnothesium, which
was previously recognised as a separate genus, Thesidium Sond. [7,24]. Species of Subgenus
Hagnothesium are characterised by, among others, their dioecious reproductive system and
mostly 4-merous flowers (versus monoecious reproductive system and predominantly 5-
merous flowers in the other subgenera of Thesium) [7]. Although molecular studies have
shown Thesidium to be embedded in Thesium [4,7], it is interesting to note that its phenolic
and organic acid composition differs somewhat from the main trend observed in Thesium.
Not only are the main compounds found in the majority of Thesium species almost absent
from T. microcarpum, but it also contains several main peaks not present in the other species
investigated. More extensive studies of Subgenus Hagnothesium, as well as Lacomucinaea and
Osyridicarpos, are needed to further explore these apparent patterns.

Contrary to the work conducted on a phlobatannin and/or an unidentified volatile
oil glycoside [13], no discernible infrageneric groupings were present among the species
investigated. Although T. transvaalense was slightly further removed from the other species
in the PCA analysis, and T. zeyheri and T. transvaalense in the dendrogram, no significance
could be linked to these placements in terms of morphology, distribution or molecular rela-
tionships. The separation of T. zeyheri and T. transvaalense was likely driven by an unknown
saccharide (F7) and rutin, as the majority of variation in the first principal component of
the PCA analysis was attributed to these two compounds (Supplementary Figure 54). It is
possible that the study of additional Thesium species may alter the preliminary trends and
relationships observed in this study. Future studies might also investigate patterns in the
imino acid cis-4-Hydroxy-L-proline [25] and acetylenic seed oils [26], as these compounds
have shown chemophenetic potential at the generic level in Santalaceae.

The value of phenolic compound composition apparently lies at the interspecific level,
as many Thesium species, as well as L. lineata and O. schimperianus, are recognisable to some
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degree by their total ion chromatograms and might therefore aid species identification when
used in combination with morphological characters. However, this approach should be used
with caution, as the chemistry of the majority of Thesium species has not yet been studied.
The combination of peaks and their relative intensities can also be helpful in distinguishing
between morphologically similar species. For instance, T. triflorum L.f. and T. scandens are
closely related based on both morphology [6] and DNA data [7]. It is often difficult to
distinguish them from one another—to such a degree that they might be considered con-
specific based on morphological species concepts [27]. The main morphological difference
between them is found in their leaves: fleshy, more or less terete leaves without clearly
visible veins in T. scandens and flat, linear to linear-lanceolate leaves with one to three (five)
main veins in T. triflorum (Figure 6). However, there seems to be a continuum of variation
in leaf morphology between T. scandens plants, which occur in the Cape regions of South
Africa, and T. triflorum plants, which occur in subtropical and tropical Africa. The total ion
chromatograms of these two species, collected about 800 km apart, had several similarities
(Figure 6). They shared all peaks except for neochlorogenic acid and cryptochlorogenic acid,
which was present at high intensities in T. triflorum but absent from T. scandens. The presence
or absence of these compounds can be a useful tool to distinguish between T. triflorum and
T. scandens and illustrates the potential of phenolic total ion chromatograms to aid future
systematic studies of this taxonomically difficult genus.

Trends in the infraspecific variation are less clear and require further study. The ma-
jority of species where multiple individuals were studied (38 species) showed almost no
variation in peak composition and limited variation in peak intensity (Figures 2, 4 and 5;
Supplementary Figure S1). This indicates that phenolic total ion chromatograms can be
used with some confidence to distinguish among species while keeping in mind that the
majority of Thesium species have not yet been studied. Four exceptions were T. asterias,
T. costatum, T. strictum and T. cf. ussanguense, where substantial variation in peak com-
position and peak intensity was present. This variation might be attributed to several
factors, including laboratory-induced differences between sample runs, widely varying
local habitat conditions, possible lateral transfer of phenolic compounds, misidentified
samples and erroneous species concepts. It has been shown that some parasitic plants have
very similar phenolic profiles to their host plants [17] and that they may contain different
major flavonoids and xanthones depending on their hosts [28]. This poorly explored aspect
deserves further study but will also require in-depth studies of the host diversity and host
specificity of Thesium species. In the case of T. asterias, however, there is evidence that
the species delineation needs to be reconsidered. Closer examination of the two popu-
lations studied (roughly 700 km apart) revealed noteworthy morphological differences
(Figure 7). Plants from Limpopo, South Africa, had thickened, perennial rootstocks and
virgate, parallel branches, while plants from KwaZulu-Natal, South Africa, had slender,
possibly annual rootstocks and with branches angled at about 45° from the central stem
(Figure 7). Further taxonomic investigation will likely prove these two populations to be
different species, one of which may be new to science. This example shows how phenolic
total ion chromatograms may reveal inconsistencies in current species concepts.
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Figure 6. Comparison of the phenolic compound composition and morphology between two closely
related Thesium species, T. triflorum and T. scandens. (A). Total ion chromatograms of a T. triflorum
plant from near St. Lucia, KwaZulu-Natal, South Africa (top) and four T. scandens plants from Eastern
Cape, South Africa (bottom). (B). Flat linear to linear-lanceolate leaves of T. triflorum with one to
three (five) main veins. (C). Fleshy and often terete leaves of T. scandens lacking clearly visible veins.
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Figure 7. Differences in phenolic compound composition and morphology between two populations
of Thesium asterias. (A). Total ion chromatograms of two T. asterias plants from a single population
near St. Lucia, KwaZulu-Natal, South Africa (top) and two T. asterias plants from a single population
near Lekgalameetse Nature Reserve, Limpopo, South Africa (bottom). (B). Habit, with branches
spreading at +45 °, and slender rootstock of T. asterias plants from KwaZulu-Natal. (C). Habit, with
parallel and virgate branches, and thickened rootstock of T. asterias plants from Limpopo.

5. Conclusions

This study provides valuable preliminary insights into the phenolic diversity and
chemophenetic relationships in Thesium, Lacomucinaea and Osyridicarpos. The phytochem-
istry of 50 Thesium species and Osyridicarpos is studied for the first time, and the first
chemophenetic evaluation of the genus in more than 80 years is provided.

LCMS analysis revealed a wide diversity of compounds in Thesium (more than
200 prominent peaks), mainly flavonols, carboxylic acids, phenolic acids, organic acids
and associated derivatives. This result is in line with previous studies on the genus.

The phenolic compounds in Thesium seem to have some chemophenetic value at
the generic level but limited value at the infrageneric level. While Lacomucinaea and
Osyridicarpos appear to be distinguishable from one another based on the presence and
absence of several main peaks, this result should be confirmed with a larger sampling of
individuals and populations. The true value of phenolic compound variation in Thesium lies
at the species level. Due to the wide variety of observed peaks, the total ion chromatograms
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of the species are largely distinct from one another and may therefore assist with species
identification and help tease apart unclear species boundaries. While infraspecific chemical
variation seems limited in the majority of species, studies of multiple plant populations
are needed to verify the degree of infraspecific variation. Further examination of about
300 Thesium species that remain phytochemically unknown will not only enhance our
knowledge of phenolic diversity in the genus but might also alter the preliminary trends
and relationships observed in this study.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/d14080590/s1. Supplementary Table S1. Phenolic compounds de-
tected in Thesium responsible for the most variation in Principal Components one to four.
Supplementary Figure S1. Total ion chromatograms of 156 sample extracts of 50 Thesium species
(1-50), Osyridicarpos schimperianus (51) and Lacomucinaea lineata (52). Supplementary Figure S2.
Dendrogram of phenolic relationships showing the geographic distributions of 46 Thesium species,
Lacomucinaea lineata and Osyridicarpos schimperianus. Supplementary Figure S3. Dendrogram of
phenolic relationships among 46 Thesium species, Lacomucinaea lineata and Osyridicarpos schimperianus,
accompanied by the distribution of characters states of nine taxonomically important morpholog-
ical characters: A. Root type. B. Maximum plant height. C. Plant surface. D. Stem type. E. Leaf
type. E. Inflorescence type. G. Reproductive system. H. Inner corolla lobe surface. I. Style length.
Supplementary Figure S4. Loading plots for Principal Components 1-3 (A-C) with the most signifi-
cant contributors indicated. Supplementary Figure S5. Heatmap of the main phenolic peaks detected
in the extracts of 128 samples, representing 46 Thesium species, as well as sister genera Osyridicarpos
and Lacomucinaea.
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