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Abstract. Fatty acids conjugates (FACs) are ubiquitous but found in trace amounts in
the natural world. They are composed of multiple unknown substructures and side
chains. Thus, FACs are difficult to be analyzed by traditional mass spectrometric
methods. In this study, an integrated strategy was developed to global profiling and
targeted structure annotation of FACs in complex matrix by LTQ Orbitrap. Dicarbox-
ylic acid conjugated bufotoxins (DACBs) in Venenum bufonis (VB) were used as
model compounds. The new strategy (abbreviated as HPNA) combined higher-
energy C-trap dissociation (HCD) with product ion- (PI), neutral loss- (NL) based
MSn (n ≥ 3) acquisition in both positive-ion mode and negative-ion mode. Several
advantages are presented. First, various side chains were found under HCD in

negative-ion mode, which included both known and unknown side chains. Second, DACBs with multiple side
chains were simultaneously detected in one run. Compared with traditional quadrupole-based mass method, it
greatly increased analysis throughput. Third, the fragment ions of side chain and steroids substructure could be
obtained by PI- and NL-based MSn acquisition, respectively, which greatly increased the accuracy of the
structure annotation of DACBs. In all, 78 DACBs have been discovered, of which 68 were new compounds; 25
types of substructure formulas and seven dicarboxylic acid side chains were found, especially five new side
chains, including two saturated dicarboxylic acids [(azelaic acid (C9) and sebacic acid (C10)] and three unsatu-
rated dicarboxylic acids (u-C8, u-C9, and u-C10). All these results greatly enriched the structures of DACBs in VB.
Keywords: Neutral loss based Ms3 acquisition, Product ion based Ms4 acquisition, Fatty acid conjugates,
Venenum bufonis, Higher-energy C-trap dissociation, Linear ion-trap quadrupole Orbitrap mass spectrometry
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Introduction

Fatty acids conjugates (FACs) are ubiquitous in animals [1],
plants [2], and microorganisms [3]. They are formed by

esterification reaction, and are composed of core substructures
and fatty acid(s). FACs play an important role in pharmacolog-
ical activity [4], toxicity [5], absorption [6], and metabolism [7].

Liquid chromatography mass spectrometry (LC-MS) has
been widely used in the analysis of FACs in complex mixtures
[8, 9]. The ions [M-RCOO]+ and [RCOO]– represent substruc-
ture and fatty acid side chains, respectively. They were often
used as diagnostic ions for the analysis of FACs by LC-MS
[10] and GC-MS [11]. Polarity switching was exploited to
detect multi-class FACs in serum samples by single-stage
Orbitrap [12]. Several acquisition modes, such as precursor
ion scan and multiple reaction monitoring (MRM), were also
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employed for the qualitative and quantitative analysis of FACs
by triple-quadrupole linear ion trap [5]. However, all these
methods were not systemic enough for comprehensive study
of FACs in complex matrix, especially for minor constituents
with multiple unknown side chains and substructures. Further-
more, all these conventionalMS2-based analysis methods hard-
ly contain fragment information of substructure, which made
structure annotation of substructure difficult [13]. Thus, an
effective MS data acquisition method is significant for global
profiling and structure annotation of FACs.

Linear ion-trap quadrupole-Orbitrap mass spectrometry
(LTQ-Orbitrap MS) enables high-accuracy MS and MSn ac-
quisition by using selectable multiple fragmentation mecha-
nisms and flexible scan methods [14, 15]. It encompasses two
different fragmentation mechanisms, including collision-
induced dissociation (CID) and high-energy C-trap dissocia-
tion (HCD). Compared with CID, HCD showed advantages on
screening small fragment ions due to its rich low-mass product
ions and no 1/3 low-mass cutoff effect [16]. Thus, HCD offers
much more information about the side chains of conjugates
[17], which could benefit structure identification of side chains.
In addition, neutral loss- (NL) basedMSn has been successfully
used in analysis of post-translational modified protein, such as
glycopeptides [18] and phosphopeptides [19], which could
benefit the structure identification of substructure.

Dicarboxylic acid conjugated bufotoxin (DACB) is a group
of minor FACs in VB, which is a commonly used toxic
traditional Chinese medicine (TCM) [20, 21]. It plays an im-
portant biological role in the growth and development of toad
oocytes [22]. The structure of DACB is a dicarboxylic acid
conjugated at C-3 position of bufogenin. So far, more than 60
free bufogenins have been isolated from VB between 1977 and
2010 [23], and five kinds of conjugated dicarboxylic acid side
chains (succinic, glutaric, adipic, pimelic, and suberic acid)
have been reported [24]. Theoretically, the number of DACBs
could be hundreds based on the numerous linkages between
bufogenin and side chains. However, less than 20 DACBs have
been purified and identified [25, 26].

In this study, product ion (PI-) and NL-based MSn were
developed for global profiling and acquisition of the fragment
information of side chain and substructures of DACBs. To
broaden the coverage of analytes, HCDwas applied for screen-
ing various side chains, especially for unknown side chains. In
all, an integrated analysis strategy (HPNA), combining HCD
and PI-, NL-based MSn (n ≥ 3) acquisition in both positive-ion
mode and negative-ion mode by LTQ-Orbitrap, was developed
for global profiling and structure annotation of DACBs in VB.

Experimental
Materials and Reagents

Five standard compounds of DACBswere isolated fromVB by
the authors. Their structures (Figure 1) were fully identified by
NMR spectroscopy (Supplementary Information). VB was
purchased fromAnhui Province and authenticated by Professor

Dean Guo (Shanghai Institute of Materia Medica, Chinese Acad-
emy of Sciences). The voucher specimens were deposited at
Shanghai Research Center for Modernization of Traditional Chi-
nese Medicine. HPLC grade acetonitrile and methanol were ob-
tained fromHoneywell Co., Ltd. (Morristown, NJ, USA). Formic
acid (HPLC grade) was purchased from Acros Co., Ltd. (Living-
ston, NJ, USA). High purity deionized water for HPLC mobile
phase was purified on Milli-Q system (Bedford, MA, USA).
Other chemicals and solvents were all of analytical grade.

Enrichment of DACB Fraction

The dried methanol crude form 10 g VB was extracted with 100
mL four-solvent system (n-Hexane:ethyl acetate:methanol:
water = 7:3:5:5) for three times. The upper phase was combined,
evaporated to dryness, and then further separated by silica gel
column chromatography using a stepwise system of chloroform/
ethyl acetate/methanol. DACBs fraction was obtained by com-
bining two parts of elution (ethyl acetate/methanol 1:9 and 3:7).
Then it was dissolved in methanol solution and centrifuged
(1400 × g at 4 °C for 10 min). The supernatant was subjected
to LC/MS system for global characterization of DACBs.

Chromatography and Mass Spectrometry
Conditions

The chromatography analysis was carried out on an Ultimate
3000 UHPLC system coupled with an LTQ-Orbitrap Velos Pro
hybrid mass spectrometer (Thermo Fisher Scientific, San Jose,
CA, USA). The separation was performed on a Waters
ACQUITY UPLC BEH C18 column (100 × 2.1 mm i.d., 1.7
μm) (Milford,MA, USA). The columnwasmaintained at 30 °C;
0.1% formic acid aqueous solution (solvent A) and acetonitrile
(solvent B) were used as mobile phases. The flow rate was 0.3
mL min–1 and the linear gradient program was as follows: 0–7
min, 40% B isocratic; 7–15 min, 40%–44% B; 15–18 min,
44%–48% B; 18–23 min, 48%–52% B; 23–30 min, 52%–56%
B; 30–35 min, 56%–60% B; 35–45 min, 60%–70% B; 45–50
min, 70%–90% B; 50–55 min, 90%–95% B; 55–60 min, 95%–
95% B; and 60–66 min, 40%–40% B.

ESI ion source: the ESI-MSn analysis was operated in both
positive-ion mode and negative-ion mode with source voltage
at 3.5 and 3.8 KV, respectively. The spectra were recordedwith
a resolution of 30,000 for full scan analysis and 7500 for MSn

analysis. Capillary temperature was 350 °C, source heater
temperature was 300 °C, sheath gas flow was 35, aux gas flow
was 5, and source current was 100 μA. For effectively selecting
molecular ion, a MS mass range (m/z 480–700) and dynamic
exclusion were applied to avoid the influence of interference
ions and co-elution ions. Dynamic exclusion parameters were
set as follows: repeat count 3, repeat duration 10 s, exclusion
duration 20 s, and exclusion mass width 4 Da.

Higher-energy C-trap dissociation acquisition (HCD): the
HCD acquisition was performed for screening various side
chains in negative-ion mode. Resolving power was set at
30,000 for full scan and 7500 for MS/MS. Isolation width
2 Da and normalized collision energy 70 were used.
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PI based MS4 acquisition (PI-MS4): PI-MS4 mode under
negative-ionmodewas used to acquire the fragmentation ion of
side chain of DACBs. MS2 and MS3 were obtained based on
the most intense ions in the last stage, whereas MS4 was
acquired by ions in MS3 based on the product list. The nor-
malized cell energywas set at 33, 33, and 24 forMS2, MS3, and
MS4, respectively, based on the optimization of standard com-
pounds. In our study, product ion list contains deprotonated
mass of seven dicarboxylic acids. They were four saturated
dicarboxylic acids [pimelic acid (C7, m/z 159.0657), suberic
acid (C8, m/z 173.0814), azelaic acid (C9, m/z 187.0970), and
sebacic acid (C10, m/z 201.1127)], and three unsaturated dicar-
boxylic acids [u-C8 (m/z 171.0657), u-C9 (m/z 185.0814), u-
C10 (m/z 199.0970)] in sequence. Product ions in top 10 were
selected for further collision.

NL-based MS3 acquisition (NL-MS3): the NL-MS3 in
positive-ion mode was applied for acquiring the product ions
of sub-structures of DACBs. The neutral loss mass list contains
neutral mass of seven dicarboxylic acids. They were four
saturated dicarboxylic acids [pimelic acid (C7, m/z 160.0736),
suberic acid (C8, m/z 174.0892), azelaic acid (C9, m/z
188.1049), sebacic acid (C10, m/z 202.1205)], and three unsat-
urated dicarboxylic acids [u-C8 (m/z 172.0736), u-C9 (m/z
186.0892), u-C10 (m/z 200.1049)] in sequence. The ions with
neutral loss in top 10 were selected for further collision. The
optimized collision energy was set at 20 for MS2 and 27 for
MS3, respectively, based on the energy optimization of the
standard compounds.

Data Processing

Thermo Xcalibur 2.2 was used for data processing. The chem-
ical formulas for all parent ions were calculated with a formula
predictor by setting parameters as follows: C (0–40), H (0–80),
O (0–15), and ring double bond (RDB) equivalent value (0–
20). Other elements such as N, P, S, Cl, and Br were not
considered because they were rarely present in the skeleton of
DACBs.

Results and Discussion
The Fragment Behavior of DACBs Under Different
Modes

The ionization behaviors of five standard compounds of
DACBs in ESI source were extensively studied in both

positive-ion mode and negative-ion mode. In negative-ion
mode, all five standard compounds gave predominant [M –
H]– ions followed by [M+HCOO]–, [2M – H]– ions. While in
positive-ion mode, apart from [M+H]+ ions, the adduct ions
such as [M +Na]+ and [2M +H]+ ions were also obviously
present. All these adduct ions facilitated the unambiguous
establishment of molecular mass of DACBs.

The fragmentation rules of DACBs were extensively stud-
ied under CID and HCD in both positive-ion mode and
negative-ion mode based on the five standards. As shown in
Figure 2, the diagnostic ions ‘e’ ion (m/z 173.08) and ‘e-62’ ion
(e-H2O-CO2,m/z 111.08), which representing suberic acid side
chains, were clearly observed under HCD in negative-ion
mode [HCD (–)], whereas under CID in positive-ion mode
[CID (+)], the abundant and high intensity diagnostic ions for
steroids substructure were present, such as ‘a’ ion and its
relevant ions with the loss of H2O (m/z 18) and CH3COOH
(m/z 60).

However, as shown in Supplementary Figure S1, under
HCD in positive-ion mode and CID in negative-ion mode,
not all standard compounds could get high abundant diagnostic
ions for side chain and substructure moiety, respectively.
Furtheremore, background ions increased a lot under HCD in
positive-ion mode, which reduced the specificity of diagnostic
ions.

Experimental Design Workflow

Based on the fragmentation behaviors above, a integration
strategy was developed for global profiling and structure an-
notation of DACBs. The systematic workflow is schematically
depicted in Figure 3. In order to effectively select targeted ions
for MSn collision and avoid the influence of interference ions
and co-elution ions, MS mass range m/z 480–700 and dynamic
exclusion were applied for the analysis of the minor constitu-
ents. The strategy can be divided into three steps as follows:
Step 1, screening various side chains (dicarboxylic acid) of
DACBs under HCD (–). Both known and unknown side chains
were screened manually after data acquisition. Step 2, valida-
tion of possible side chains by their fragments ions in PI-MS4

in negative-ion mode. Step 3, structure annotation of substruc-
tures by their fragment ions in NL-MS3 in positive-ion mode.
More fragment information of side chains and substructures
could be collected through PI-MS4 and NL-MS3 acquisition,
respectively, which made structure annotation much more ac-
curate. Moreover, both PI-MS4 and NL-MS3 could be used for

Figure 1. The structures of five standard compounds of DACBs
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global profiling DACBs with multiple side chains in one run.
Compared with quadrupole-based mass method, it greatly in-
creased analysis throughput. Combining HCD with PI-MS4

and NL-MS3 acquisition mode, the newHPNA strategy greatly
increased the coverage of analyzed conjugates, especially for
DACBs with unknown side chains.

Figure 2. The MS2 spectra of five standard compounds determined by LTQ-Orbitrap under HCD (–) mode and CID (+) mode
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Screening for the Unknown Side Chains of DACBs
Under HCD (–)

Until now, although five kinds of dicarboxylic acid side chains
have been reported, only succinic, glutaric, and suberic acid
conjugated DACBs have been isolated and identified from VB
[24, 27, 28].

For global profiling of the conjugated dicarboxylic acid of
DACBs, MS data were acquired in HCD (–) mode and
screened manually afterwards. There were two requirements
for the screening of side chains. First, the adduct ions such as
[M +HCOO]– or [2M – H]– ions should be found in MS1

spectrum. Second, the diagnostic ions (m/z 100–250) with
dicarboxylic acid-similar formula should be presented in MS2

spectrum. Formulas were generated from their exact mass by
Xcalibur. The side chains found are listed in Table 1.

As shown in Table 1, seven kinds of dicarboxylic acids were
found, including four kinds of saturated dicarboxylic acids and
three kinds of unsaturated dicarboxylic acids. Five of them
marked with stars could be the new side chains of DACBs.

PI-MS4 Acquisition for Side Chain Structure
Confirmation

To validate the seven dicarboxylic acid side chains of DACBs,
the ‘e’ ions were further fragmented. Both PI-MS3 and PI-MS4

mode could be used for the dissociation of the ‘e’ ions. How-
ever, in our study, five standard compounds produced more
consistent ‘e’ ions in MS3 than in MS2. Thus, PI-MS4 was
selected to dissociate the ‘e’ ions in MS3. As shown in Sup-
plementary Figure S2, the DACBs with acetyl group at C-16
(cinobufagin-C8) easily lost ethylic acid, which leads to form
the dominant peak at [M +H – 60]+; the ‘e’ ions was present in
MS2, but not in MS3; DACBs with no acetyl group at C-16
could produce ‘e’ ions both in MS2 and MS3.

The fragment behaviors of dicarboxylic acid side chains
were shown in Figure 4. For saturated side chains (Figure 4a–
d), the characteristic ion ‘e-62’ (e-44-18) representing the loss
of CO2 and H2O was presented with a high abundance. It was
consistent with that of standards (Figure 4b). The characteristic
ion (‘e-44’ ion) of unsaturated side chains (Figure 4e–g) rep-
resented the loss of CO2. However, the position and configu-
ration (cis or trans) of double bonds in unsaturated side chains
were difficult to be determined in our study.

NL-MS3 Acquisition for Quick Profiling
and Substructure Annotation of DACBs in VB

The ‘a’ ions losing of side chains are the diagnostic ions of
substructure of DACBs in MS2 under CID (+) mode. Further
annotation of substructure of DACBs could be achieved by
subjecting the ‘a’ ions to MS/MS (MS3) by LTQ-Orbitrap. The
targeted MS3 acquisition of ‘a’ ions was based on the neutral
loss of dicarboxylic acids, which are listed in Table 1.

Compared with the conventional MS3 acquisition method,
NL-MS3 could obtain much more fragment information about
substructure andmake the structure annotation ofDACBsmuch
more accurate. As shown in Figure 5b, [M+H – 18]+ ion (m/z,
525.32), ‘a’ ion (m/z, 369.24), and [a-18]+ ions (m/z, 351.23)
were present in MS2 scan. Under NL-MS3 mode, although the
abundance of candidate product ion (‘a’ ion) was much lower
than that of [M +H – 18]+ ion and [a-18]+ ion, it was target-
selected for further dissociation in MS3. In conventional meth-
od, the base peak (m/z 525, M +H – 18) was fragmented, as
shown in Figure 5d. Compared with traditional untargeted
acquisition mode, more fragment ions could be detected by
NL-MS3; for example, [a-18-96]+ ion (m/z 255) originating
from the elimination of α-pyrone ring at C-17 (Figure 5c) was
detected in MS3. Furthermore, all ions in MS3 were the frag-
ment ions of substructure in NL-MS3 mode, which made struc-
ture annotation of steroid genin much more accurate.

Figure 3. Work flow of the HPNA strategy

Table 1. The Diagnostic Ions of Side Chains Found Under HCD (–)

Saturated dicarboxylic acids Unsaturated dicarboxylic acids

Cn e– Formula ppm u-Cn e– Formula ppm
C7 159.066 C7H11O4 –0.01
C8 173.0818 C8H13O4 –0.48 u-C8

* 171.0663 C8H11O4 –0.01
C9

* 187.0972 C9H15O4 –2.31 u-C9
* 185.0815 C9H13O4 –2.17

C10
* 201.1128 C10H17O4 –2.10 u-C10

* 199.0974 C10H15O4 –1.17

n Represents the number of C in dicarboxylic acid; * represents the side chains that have not been reported before
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Furthermore, the MS3 total ion chromatograms of NL-MS3

and traditional acquisitionswere compared (shown in Supplemen-
tary Figure S3). Less scans under NL-MS3 mode were observed,
which reduced the work in the next identification step. Several
scans are needed for the analysis of compounds with multiple
types of side chains by traditional MRM or NL on QqQ [29] and
Q-trap [30]. In HPNA strategy, up to 10 side chains could be

acquired by NL-MS3 simultaneously in one run, which increased
the throughput to a large degree.

Systematic Characterization of DACBs in VB
by HPNA Strategy

Two-phase solvent system was widely used to enrich minor
constituents [31] in complex system. In this study, DACBs

Figure 4. The fragmentation behaviors of the dicarboxylic acid side chains of DACBs. (a)–(g) represent for theMS4 data of different
‘e’ ions, which represent for various saturated dicarboxylic acid (a)–(d): C7–C10, and unsaturated dicarboxylic acid (e)–(g): u-C8, u-C9,
and u-C10

Figure 5. Comparison of MS3 acquisition based on NL and traditional mode for the analysis of bufalin-3-hemisuberate. (a) The
structure and fragmentation behavior of bufalin-3-hemisuberate. (b) MS2 spectrum of bufalin-3-hemisuberate under CID mode in
positive-ion mode. (c), (d) MS3 spectrum of bufalin-3-hemisuberate acquired by MS3 acquisition based on NL and traditional mode,
respectively
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were minor constituents in VB. Two-phase solvent system
combined with column chromatography was established to
increase the content of DACBs in crude drug. After enrich-
ment, a large amount of impurities was removed, and the
HPNA strategy was applied to global profiling and structure
annotation of enriched DACBs. As shown in Supplementary
Table S1, the structure of steroid genin and side chains could be
annotated by the diagnostic ‘a’ ions, ‘e’ ions, and their corre-
sponding fragment ions.

Small differences in chemical structure of the steroid could
result in significant differences in fragmentation pathways [32].
Several fragmentation rules based on free bufadienolides sum-
marized before were used for structure annotation of steroid
substructure with special groups. For example, for
bufadienolides with only hydroxyl or acetyl groups, the suc-
cessive elimination of H2O or AcOH could be observed. For
bufadienolides with a C19-formyl group or C(11/12) carbonyl
group, the elimination of CO could be observed. For
bufadienolides with the 19-hydroxyl group, the characteristic
ions with the loss of 30 Da (HCHO) could be observed [33].
However, some of the group sites and the configuration of the
substituent were difficult to be determined [34].

The steroid substructures were characterized by the rules
mentioned above. For example, seven isomers (m/z, 557.309:
13#, 19#, 23#, 28#, 39#, 43#, and 65#) possessed the same
brand chain (C8, suberic acid) and the same weight of steroid
genin. The diagnostic ions, [a-18-28]+ ion (m/z 337) and [a-
30]+ ion (m/z 353), indicated the presence of HCO and OH at
C19, which facilitated us to assign the compound 13# as 19-
oxobufalin-3-suberate and compound 65# as resibufaginol-3-
suberate. As reported by Hu et al., the substituent group sites of
bufadienolides were difficult to be determined [35]. Thus, the
other five compounds were named as monohydroxyl-
resibufogenin-C8. The number of substructures with different
formulas was statistically analyzed based on the accurate mass
of ‘a’ ion. Up to 25 types of ‘a’ ions have been found, which
indicated the presence of numerous steroid genins in DACBs.

For analysis of side chains, both high resolution mass
and the rules summarized above were used. In all, seven
types of dicarboxylic acids have been found, including
four saturated dicarboxylic acids (pimelic acid, suberic
acid, azelaic acid, and sebacic acid) and three unsaturated
dicarboxylic acids (u-C8, u-C9, u-C10). Apart from pimelic
acid and suberic acid, the others are new side chains of
DACBs.

Furthermore, accurate mass acquired by Orbitrap is im-
portant for the confirmation of molecular formulas. For
example, four peaks (no. 37#, 58#, 68#, and 74#) with the
same mass weight (m/z 555) could be distinguished by their
accurate masses. The molecular formulas of m/z at
555.2941, 555.3317, 555.3293, and 555.3299 were assigned
as C32H43O8, C32H43O8, C33H47O7, and C33H47O7. They
were tentatively identified as resibufagin-C8, bufalin-u-C9,
resibufogenin-C9, and resibufogenin isomer-C9, respective-
ly. Apart from these identified compounds, there were 13
unknown DACBs that had the same suberic acid side chain
but unknown substructures.

As shown in Supplementary Table S1, 78 DACBs have
been found. Seventy-one compounds contained saturated
dicarboxylic acid and 7 compounds had unsaturated dicar-
boxylic acid, of which 68 compounds were new compounds
(55 tentatively identified compounds and 13 unknown com-
pounds). These new compounds were based on the combi-
nation of seven types of side chains and 25 types of sub-
structure formulas. Apart from pimelic acid (C7) and suberic
acid (C8), five new dicarboxylic acids, including two satu-
rated dicarboxylic acids (azelaic acid and sebacic acid) and
three unsaturated dicarboxylic acids (u-C8, u-C9, and u-C10)
were found. The new side chains and various substructures
enriched the structure of DACBs. As shown in Figure 6,
saturated side chain-conjugated bufotoxins are the most
abundant DACBs in VB. The main side chains are, C8,
C9, C7, and C10 dicarboxylic acids. All of these compounds
greatly enriched DACBs in VB.

Figure 6. Base peak chromatogram (BPC) of DACBs fraction. Black represents for DACBswith saturated side chain, red represents
for DACBs with unsaturated side chain
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Conclusion
Esterification is an important biological process, and FACs are
ubiquitous in natural world. DACBs with unknown side chains
and substructures in VB usually present in low amount, which
make them hard to be detected and annotated by normal
analytical methods. In thecurrent study, a novel strategy
(HPNA), combining HCD, PI-MS4, and NL-MS3 by LTQ-
Orbitrap, was developed for global profiling and targeted struc-
ture annotation of DACBs in VB. Compared with traditional
methods based on QqQ and Q-trap, the new strategy greatly
increased the throughput by only two experiments (one HCD
(–), one PI-MS4 or one NL-MS3). In all, 78 DACBs have been
found, of which 68 were new compounds. They were com-
posed of 25 types of substructure formulas and seven kinds of
dicarboxylic acid side chains. Furthermore, apart from pimelic
acid (C7) and suberic acid (C8), five new side chains, including
two saturated dicarboxylic acids (azelaic acid and sebacic acid)
and three unsaturated dicarboxylic acids (u-C8, u-C9, and u-
C10) were found. Overall, the proposed method was proven to
be specific and efficient for global profiling and targeted struc-
ture annotation of DACBs in VB. Moreover, the method could
be used to explore other FACs in the natural world.
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