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In 1936, slightly over 80 years ago, Selman Waksman published a
momentous and monumental book in which he reviewed in great detail what
was known and not known at the time about the origin, chemical
composition, and importance of humus. This book must have required a
phenomenal amount of work. Indeed, in order to write it, Waksman collected
and analyzed a whopping number (1311) of primary sources spanning
several centuries, some in German, French, Russian, and Latin. Even with all
the electronic databases available to us nowadays, this would be an
extremely time-consuming endeavor, requiring many months, if not years, of
full-time reading and excerpting. In the 1930s, without internet, photocopy
machines, or the option of e-mailing colleagues to get reprints of their
publications, identifying, let alone reviewing 1311 sources must have been

an absolutely formidable undertaking, well worth celebrating in its own right.

Apparently influenced by a number of earlier German authors, whom he

cited, Waksman (1936) defined humus as follows: “ Chemically, humus

consists of certain constituents of the original plant material resistant to
further decomposition; of substances undergoing decomposition; of
complexes resulting from decomposition, either by processes of hydrolysis or
by oxidation and reduction; and of various compounds synthesized by

microorganisms.” A decade earlier, Waksman (1925) had been a strong

advocate of the traditional practice of extracting soil organic matter with
alkali, followed by the identification, based on water solubility, of three
different categories of high-molecular weight, inherently stable, and
chemically unique “ humic substances” (fulvic acid, humic acid, and humin).

However, by 1936 he had changed his mind on the matter, being convinced
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that alkali extracts were a strictly operational, arbitrary construct, which
fails to give a picture of the true nature of humus, its origin, and its dynamic
condition in the soil.” His writings suggest that the idea that humic
substances could have a unique or definitive chemical structure dates to the
time when “ chemistry was still in its infancy and when all organic and
inorganic compounds were considered to be substances very simple in
chemical composition.” A microbiologist by training, Waksman also kept
insisting heavily, throughout his book, on the fundamental, but too often
ignored, “ invisible ties” connecting humus and living microorganisms, “
which must be appreciated in order to understand the origin and nature of
humus.” He argued that, “ without denying the role of purely chemical
reactions in the formation and transformation of humus, especially those of
oxidation and reduction, hydrolysis and polymerization, it should be
recognized that the primary agents in the formation and transformation of
humus are the microorganisms; by overlooking their functions, the earlier
chemists failed to understand the origin and significance of humus, in spite
of the many years of effort, from the beginnings of organic chemistry until

recent times.”

Given the clarity of Waksman's (1936) summary of the state of knowledge of

humus and roadmap for future research, it is surprising that nobody followed
up on his suggestions until the 90s, more than half a century later. Insofar as
Waksman himself is concerned, there is a relatively simple reason, linked to
inauspicious timing, why he did not pursue work along the path he had so

painstakingly outlined. As also happened in the case of Langmuir's (1938)
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seminal work on electrostatic interactions between charged particles (

McBride and Baveye, 2002 ), world events of the late 30s rapidly prompted

Waksman to shift his attention away from important work toward more

pressing matters. After Dubos (1939) managed to isolate for the first time an

antibiotic (gramicidin) produced by a soil microorganism, the enormous
practical consequences of this fundamental breakthrough for health care,
and especially for the treatment of wounded soldiers, became rapidly

obvious ( Moberg, 1999 ; Van Epps, 2006 ). To find other antibiotics, the

pharmaceutical industry started financing systematic testing programs,
including a large one in Waksman's laboratory after 1939. In 1942, Albert
Schatz, one of Waksman's assistants working with Actinomycetes,
discovered streptomycin. The bitter legal battle over royalties that ensued

between Schatz and Waksman (e. g., Lawrence, 2002 ; Kingston, 2004 ;

Casadevall and Fang, 2013 ; Pringle, 2013 ), and the award of the Nobel

Prize in medicine to Waksman in 1952 caused him to focus virtually all his
later attention to antibiotics. We find no evidence that he ever resumed his

work on humus or its interactions with microorganisms.

This does not explain, however, why other soil microbiologists did not pick up
where Waksman left off. To some extent, an answer to this question can be

found in reflections Waksman made later ( Waksman, 1958 ) when he

pointed out that soil scientists demonstrated very little recognition toward
soil microbiology in the early part of the twentieth century. The emphasis in
soil science was instead on the physics and chemistry of soils, particularly in

relation to soil fertility, or on soil classification. That state of affairs was still
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manifestly ongoing in 1936, as illustrated by the fact that during that year,
the journal Soil Science contained only 6 articles dealing with soil
microorganisms out of a total of 77 articles, while the Proceedings of the Soil
Science Society of America did not contain a single article related to soil
microbiology. The dominance of one view, the chemist's view, explains why
the opinion of a soil microbiologist on the nature of what was perceived
essentially as a chemical component of soils is likely to have fallen on
relatively deaf ears. Equally so, most probably, is Waksman's viewpoint that
future research on humus should be what we would now call “

multidisciplinary” or even “ interdisciplinary” ( Baveye et al., 2014 ).

Waksman (1936) saw clearly that the close connection he identified between

soil microorganisms and the nature of soil humic substances required a
research approach involving the cooperation of several disciplines. In his
opinion, the “ physicist, the chemist, the botanist, and the microbiologist can
all contribute to the solution of the numerous complicated problems involved
in the formation and utilization of humus.” However, it was far more in
keeping with the habits of the time for soil chemists to keep doing what they
had been trained to do, i. e., extract chemical compounds from soils and try
to determine their unique and hypothetically well-defined, high-molecular-
weight chemical structure, an endeavor that they pursued with great energy
and conviction for several decades, totally independently of what soil
physicists and microbiologists, housed in the same organizations, were doing

on their side.
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In all fairness, for many years, an additional difficulty was that it was not
really feasible in practice to carry out the type of interdisciplinary research
Waksman had envisioned in 1936. In the 50 and 60s, several microbiologists

(e. g., Alexander, 1965 ; Griffith, 1965 ) also came to the conclusion that to

understand the activity of microorganisms in soils, a detailed analysis at the
spatial scale of microorganisms (i. e., at the “ microscale”) was required. But,
unfortunately, “ inherent technical difficulties in biochemical experimentation

|I’

at the microscopic level” ( Alexander, 1965 ) severely hindered progress in

that direction. The advent of transmission or scanning electron microscopes,
in the 60 and 70s, provided a wealth of qualitative information about
microbial habitats as seen in micrographs of increasingly high quality (e. g.,

Foster, 1988 ). However, that new information could not be correlated with

corresponding microscopic data about the composition of organic matter,
because relevant chemical analysis methods remained almost entirely

macroscopic.

Nevertheless, progress in several spectroscopic analysis techniques, in
particular in various Nuclear Magnetic Resonance methods, during the 90s
enabled researchers to characterize the chemical composition of humic
substances in soils in much more detail, and to confirm the soundness of

Waksman's (1936) perspective. In a landmark review article, Piccolo (2002)

concluded that humic substances are “ supramolecular associations of self-
assembling heterogeneous and relatively small molecules deriving from the
degradation and decomposition of dead biological material.” Others at about

the same time expressed similar views as well, based on their reading of the
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literature (e. g., Burdon, 2001 ; Wander, 2004 ). A few years later, in a

thorough and widely-cited review of independent analytical research carried

out over the previous decade, Sutton and Sposito (2005) referred to humic

substances as “ collections of diverse, relatively low molecular mass
components forming dynamic associations stabilized by hydrophobic
interactions and hydrogen bonds.” Of special mention in the publications of

that period are molecular aggregation models ( Wershaw, 1986 , 1999 ;

Piccolo, 2001 ; Kleber et al., 2007 ; Chilom et al., 2009 ), which describe the

role that lipid-humic interactions play in soil organic matter formation. One
could consider this the one “ new” idea that use of classical extraction
methods has added to our conceptualization of soil organic matter that was

established at the turn of the century.

At approximately the same time as the publication of Sutton and Sposito's
(2005) review, the commercialization of table-top X-ray computed
tomography equipment made it possible to quantify the geometry and

topology of the pore space in soils (e. g., Young and Crawford, 2004 ;

O'Donnell et al., 2007 ). Dedicated beamlines at synchrotron facilities around

the world allowed soil scientists and geochemists to perform measurements
of a number of soil chemical characteristics at nanometric and micrometric
scales, using techniques like X-ray absorption near-edge structure (XANES)
or near-edge X-ray absorption fine structure (NEXAFS) spectroscopy. Finally,
routine access to novel types of microscopy, like fluorescence or confocal
laser microscopes, made quantitative data available for the first time on

bacterial cell distribution (e. g., Nunan et al., 2003 ; Eickhorst and Tippkotter,
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2008 ). In many ways, all the stars were aligned, metaphorically speaking, to
launch in earnest the interdisciplinary research program on humic

substances that Waksman (1936) had envisaged decades ago. There were

some limited attempts in that sense. Indeed, at about the same time Sutton

and Sposito (2005) concluded from their review of the literature that “ humic

components display contrasting molecular motional behavior and may be
spatially segregated on a scale of nanometers,” XANES and NEXAFS analyses
were able to provide clear visual evidence that the latter part of that

statement was indeed the rule, in representative soils ( Jokic et al., 2003 ;

Schumacher et al., 2005 ; Solomon et al., 2005 ; Kinyanqi et al., 2006 ). But

beyond this limited confirmation, no real integration of techniques and
disciplinary perspectives took place, and little progress was made for
another decade on the chemistry and dynamics of humic substances. Most
humics research continued to describe organic matter in an averaged,
macroscopic sense, restricting our ability to understand connections
between the biotic and abiotic components of soils and soil functions. While
each of the individual disciplinary perspectives has been explored further,
sometimes in great depth, reluctance, intransigence, or disciplinary inertia
continue to prevent researchers from putting the pieces of the puzzle
together to finally allow us to understand in detail how microorganisms

influence the creation and transformation humic substances, or the factors

that control these processes ( Baveye et al., 2018 ).

Ten years almost to the day after Sutton and Sposito's (2005) synthesis,

Lehmann and Kleber (2015) , in a well-crafted article, reviewed in detail a
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number of different opinions held about the chemical nature of soil organic
matter and proposed the “ soil continuum model” (SCM) 1 . This model
conceptualizes soil organic matter, not as a collection of high-molecular
weight macromolecules (i. e., the “ traditional view”), but as a “ continuum”
of organic fragments of all sizes “ spanning the full range from intact plant
material to highly oxidized carbon in carboxylic acids.” These organic
fragments are “ continuously processed by the decomposer community
toward smaller molecular size.” Despite illustrative diagrams contrasting the
SCM with the “ traditional view,” and the claim that the SCM offers a new “
way forward in modeling soil carbon dynamics and developing soil
management that is based on observable evidence,” it is hard to see any
significant advance in this model relative to the “ new view” of humic

substances described 80 years earlier by Waksman (1936) , or to the views

echoed more recently by Piccolo (2002) and Sutton and Sposito (2005) .

Concerning the dynamics of humic substances, Lehmann and Kleber (2015)

call for methods that produce “ observable evidence,” needed to obtain “
reliable predictions of soil organic matter turnover,” and which allow us to
study organic matter's “ spatial arrangement within the mineral matrix, the
fine-scale redox environment, microbial ecology and interaction with mineral
surfaces under moisture and temperature conditions observed in soils.” They
also reiterate Waksman's observation that the extraction of humic
substances does not provide a realistic picture of the true composition and
properties of organic matter that exists in soils, and recommended that

terms like “ humus,” “ humification,” or even “ humic substances,” routinely
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used for centuries, should no longer be part of the vocabulary of soil

scientists.

Over the last 3 years, the different suggestions of Lehmann and Kleber

(2015) have caused quite a stir among soil scientists (e. g., Piccolo, 2016 ;

Gerke, 2018 ; Hayes and Swift, 2018 ; Weber et al., 2018 ; Olt et al., in press

). Defenses of entrenched habits against what is portrayed almost as a
heresy have been extremely passionate, and the negative reactions to the
proposals made have been very adamant. This is illustrated vividly by two
special issues published recently by the Journal of Soils and Sediments , one

celebrating Frank Stevenson's work on soil organic matter ( Knicker et al.,

2018 ) and the other devoted to humic substances ( Weber et al., 2018 ).

Both special issues contain many articles still dealing explicitly with alkali
extracts and arguing the inherent merits of this approach. Regarding the

recommendation, made by Lehmann and Kleber (2015) , to abandon the “

humus” terminology, there has been as yet very little open debate in the
literature on whether sanctioning terms that are routinely used in the public
sphere makes sense and should, or even could, be adopted widely.

According to the Web of Science, it does not appear that Lehmann and

Kleber's (2015) recommendation has been well-received, since the number

of published articles referring to “ humus” or “ humification” in soils has not
decreased at all since 2015. Instead of sanctioning the use of these history-

laden terms, it might be better to follow Waksman's (1936) lead, and simply

make sure that they be appropriately defined.

https://assignbuster.com/the-biochemistry-of-soil-humus-and-humic-
substances-why-is-the-new-view-still-considered-novel-after-more-than-80-
years/



The (bio)chemistry of soil humus and hum... - Paper Example Page 11

In all the uproar that followed the publication of Lehmann and Kleber's
(2015) article, little attention unfortunately seems to have been devoted to
the chemical nature and dynamics of humic substances, making it likely that

we are going to witness once again what Jenny (1961) , writing about soil

acidity, once referred to sarcastically as a “ merry-go-round”: There is a good
chance that another Science or Nature article will be published in about
2025, extolling anew Waksman's perpetually “ emergent” perspective on soil
humus. However, from a more optimistic perspective, the soil science
community may yet decide to take up Lehmann and Kleber's research
agenda and, critically, note that the tools needed to answer their call and
improve our understanding of the dynamics of soil organic matter at the
microscale already exist, indeed have been available for a decade, but have

remained largely unused.

It would be crucial in this context to understand the key reasons why
opportunities available for the microscale analysis of humic substances in
soils have not been seized from 2005 until recently, in order to avoid pitfalls
or repeating the mistakes made. In this respect, it seems to us that the most
likely explanation for our current state of affairs, and for the very slow
movement forward concerning the nature and dynamics of humic
substances, is related to the existence of a sizeable barrier on the path to
interdisciplinary research. There may conceivably be several causes for such
a barrier. Interdisciplinary efforts are notoriously difficult to launch, because
of institutional constraints and funding mechanisms that often strongly favor

mono-disciplinary endeavors (e. g., Baveye et al., 2014 ). Another reason is
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that microbiology has increasingly evolved over the last 3 decades away
from ecology along lines that parallel the development of modern
agricultural chemistry and initially caused divisions between the biological

and physical sciences back in Waksman's day ( Wander, 2009 ). Much of the

research in soil microbiology over the last two decades has been predicated
on the notion that the physical or chemical properties of microenvironments
where microorganisms reside in soils are irrelevant, and that extracted DNA
or RNA molecules contain all the information that is needed to make sense of
the activity of microbes in soils. The adoption of this approach has had the
merit to generate macroscopic or bulk representations of community
composition that satisfy demands for reproducible quantitative measures.
However, during the last two decades, this perspective, which has attracted

growing criticism (e. g., O'Donnell et al., 2007 ; Baveye, 2009 ; Baveye et al.,

2018 ; Young and Bengough, 2018 ), has arguably contributed in a

significant manner to thwart interdisciplinary research efforts dealing with
soil microorganisms, and has led microbiologists into the same trap that has
constrained progress by soil chemists and physicists working at the

macroscopic scale.

To break out of that trap, we need to recognize how we have organized and
compartmentalized the discipline of soil science. The inner workings of our
scholarly societies, with separate divisions associated with soil physics, soil
chemistry, and so on, demonstrate that we still perceive our discipline as
being strongly organized according to a number of distinct subdisciplines.

This structuring of soil science has been criticized for many years. Gardner
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(1991) , for example, admonished us to be aware of the fact that “ if soil
science is to continue and prosper as a scientific discipline in its own right, it
will be through successful integration of the advances in each subdiscipline
into an integral whole.” In spite of repeated advice along those lines, nothing
much has happened. Worse yet, with a few notable exceptions (e. g.,
foundational agroecology programs), the training of the next generation of
soil scientists has not evolved much either toward more disciplinary
integration. Aside from the notable exception of programs emphasizing

problem-based learning ( Amador and Gorres, 2004 ; Amador et al., 2006 ),

lectures in most soil science degree programs still focus solely on single
subdisciplines, and specialization of soil science students occurs too early
and is far too pronounced. Sadly, it is not inconceivable today, e. g., for a soil
physicist to know nothing about the ecology of soil meso- or macro-fauna, or
for a soil microbiologist to be unaware of how the intricate geometry of the
pore space in soils affects microorganisms. Every year, worldwide, soil
science education programs produce large numbers of graduates

handicapped by this kind of crippling ignorance.

And yet, in spite of the clear deficiencies of our educational systems, there
appear to be reasons for hope. Not only has a group of predominantly young
researchers recently called for increasing emphasis on interdisciplinary

research in soil science ( Baveye et al., 2018 ), but this call has been rapidly

followed by significant steps along this path. Vidal et al. (2018) have

combined different spectroscopic and microscopic techniques to

simultaneously gain information about the distribution of minerals and
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biomass in the vicinity of roots. More recently, Schluter et al. (2019) , using a

combination of X-ray UCT, fluorescence microscopy, scanning electron
microscopy and nanoSIMS, were able to study the distribution of bacteria in
a soil, and to show that they have a preference toward foraging near
macropore surfaces and near fresh particulate organic matter. This
pioneering interdisciplinary research opens the path toward the micro- and
mesoscale analysis not just of the dynamics of soil organic matter, and
related processes like priming or the storage and protection of carbon, which
are eminently relevant in the context of global climate change, but also of
other soil-borne processes of great practical importance, like the regulation
of soil acidity and the binding of metals, about which various questions have
remained unanswered, in spite of a sizeable research effort in the past (e. g.,

Tipping and Hurley, 1988 ; Tipping, 2002 ).

Given the key functions that soils fulfill in a number of environmental
contexts, not to forget with respect to the daunting objective of feeding 10

billion inhabitants on earth by 2050 (e. g., Baveye, 2015 ), it would be simply

unacceptable not just for the discipline of soil science, but also for society at
large, if we did not break the interdisciplinary barrier that has stood in our
path so far. Understanding the dynamics of soil humic substances and
natural organic matter is too crucial for us to avoid yet again taking the path

not traveled.
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Footnotes

1. ©~ This terminology is somewhat unfortunate because it has been in use in
geotechnical engineering for many years, to describe an entirely different

concept (e. g., Kraft et al., 1985 ; Chiaramonte et al., 2013 )
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