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a b s t r a c t

A natural ecosystem can be viewed as the interconnections between complex metabolic reactions and
environments. Humans, a part of these ecosystems, and their activities strongly affect the environments.
To account for human effects within ecosystems, understanding what benefits humans receive by facil-
itating the maintenance of environmental homeostasis is important. This review describes recent appli-
cations of several NMR approaches to the evaluation of environmental homeostasis by metabolic
profiling and data science. The basic NMR strategy used to evaluate homeostasis using big data collection
is similar to that used in human health studies. Sophisticated metabolomic approaches (metabolic pro-
filing) are widely reported in the literature. Further challenges include the analysis of complex macro-
molecular structures, and of the compositions and interactions of plant biomass, soil humic
substances, and aqueous particulate organic matter. To support the study of these topics, we also discuss
sample preparation techniques and solid-state NMR approaches. Because NMR approaches can produce a
number of data with high reproducibility and inter-institution compatibility, further analysis of such data
using machine learning approaches is often worthwhile. We also describe methods for data pretreatment
in solid-state NMR and for environmental feature extraction from heterogeneously-measured spectro-
scopic data by machine learning approaches.

� 2017 Published by Elsevier B.V.
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1. Introduction

A natural ecosystem can be viewed as the interconnection
between environmental and metabolic systems. For example,
biologically-driven carbon flows not only through ecosystems on
a global level but also through biochemical pathways at the organ-
ismal and population levels (Fig. 1). The significant increase in car-
bon emission from soil over the last 40 years is reported to have
made a small contribution to global climate change [1]. A more
direct contribution of human activity to these changes results from
resource extraction by humans. For example, overfishing can com-
pletely restructure patterns across trophic levels in coastal ecosys-
tems [2]. Advances in agricultural/fishery science are providing
approaches to overcome food shortages arising from population
growth in developing countries [3]. However, agricultural/fishery
research in industrialized countries today emphasizes food pro-
cessing and value-added products rather than the alleviation of
food shortages in developing countries [4,5]. Considering the
remarkable diversity in food culture across the world, an under-
standing of natural ecosystems in a variety of environments is
important [6].

Based on reports of the direct and indirect effects of agriculture,
forestry, and fisheries on natural ecosystems that produce biomass
resources, we proposed the application of a recent analytial para-
digm to ecosystem research [7–16]. Considerable efforts are being
made to make a transition from oil refineries to bio-refineries [17].
Efforts are now under way to replace these underground resources
of raw materials for industry with compounds and minerals
obtained from renewable plant biomass [18]. Similarly, there is a
major focus on the identification of renewable enzymes (reactive

catalysts) for enhancing biomass production [19,20]. For example,
chemical engineering is concerned with the quantitative monitor-
ing of reactions and yields of intermediates during the conversion
of raw materials into biomass products [21,22].

Solution nuclear magnetic resonance (NMR) has long been used
to determine the primary and stereochemical structures of syn-
thetic [23,24] and naturally-occurring small molecules in organic
and natural chemistry [25–29]. NMR analysis can determine the
macromolecular structure for peptides [30,31], proteins [32,33],
polysaccharides [34–36], and other molecular assemblies
[37–39]. Methodological advances in multidimensional NMR anal-
ysis over the past four decades have extended its use to biological
fields, in which it has made significant contributions. One example
is the assignment of NMR signals in biomacromolecular complexes
[40,41]. In particular, the structural analysis of high molecular-
weight proteins has become possible using multi-dimensional
NMR assisted with stable isotope labeling [42–46]. After sequential
assignment, the secondary structures of proteins can be deter-
mined using conformation-dependent information from 1H and
13C chemical shifts [32,33,47–50]. Furthermore, recent progress
in hardware development, such as advances toward higher mag-
netic fields [51,52], introduction of cryogenically cooled probes
[53], and cost-effective low-field magnet NMR instruments [54],
can offer new applications of NMR to various samples with high
molecular complexity, such as crude extracts from biological tis-
sues and biogeochemical samples from natural environments.

Here, we emphasize the advantages of NMR for analyzing the
molecular complexity of biological extracts and crude biogeo-
chemical samples. NMR can offer to deal with various and diverse
samples from polar to non-polar solvent systems for both small
and macromolecules; further, for interaction studies, it can use
samples of various physicochemical states such as gas [55], sol
[56], gel [57], and solid [58]. Furthermore, NMR offers site-
[49,50] and atom-specific information [59], assisted by stable iso-
tope tracing experiments. In addition, uniform stable isotope label-
ing in biological samples can open up the availability of NMR in
two and three dimensional experiments such as protein NMR
[60,61]. However, stable isotope labeling approaches cannot be
applied to many environmental samples that are simply collected
from natural ecosystems. In such cases, simple 1D- and 2D-NMR
methods, such as 2D J-resolved spectroscopy (Jres) and heteronu-
clear single quantum coherence (HSQC), are useful for characteri-
zation of environmental samples. In addition, the
interchangeability of NMR spectra between different laboratories
is a distinct merit for cross-site analytical validity studies
[62–66] with careful parameter settings [66,67]. For this purpose,
using solid-state NMR for macromolecular complex and low-
solubility samples is uniquely advantageous for various environ-
mental samples. Importantly, this advantage is gained without
using chromatography during measurements on environmental
molecular complexity. Reproducibility in quantification is also a
major advantage of NMR. Because NMR-based approaches can pro-
duce a number of data with high reproducibility and inter-
institution compatibility, further analysis of such data using
machine learning (ML) approaches is helpful.

Recently, solution NMR has also been used for characterizations
and evaluations of biological mixtures with multivariate analysis
to determine disease biomarkers [68,69], or evaluate nutrients in
foods [11,70,71]. Comprehensive analysis of biological

Fig. 1. Conceptual framework for gathering ecosystem data using approaches based
on separation and purification (left) and complex mixtures (right). Based on reports
on the direct and indirect effects of agriculture, forestry, and fisheries on natural
ecosystems, we propose the application of a recent engineering paradigm to
ecosystem research. Considerable effort is now being made to transition from oil
refineries to bio-refineries. Efforts to replace underground resources as raw
materials for industry with compounds and minerals obtained from renewable
plant biomass are under way.
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