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transposed a piece of jejunum between the
esophagus and the stomach in the rat, and
found the same hypertrophic response and
similar improvements in glycemic control.
Altogether, Saeidi et al. clearly demonstrate
that entry of undigested food into the small
intestine triggers reprogramming of glucose
metabolism to allow for tissue growth, and
that the resulting increase in intestinal glu-
cose disposal improves glycemia. Although
a direct causal role was not established for
improved glucose homeostasis by either pre-
venting the hypertrophic response or repro-
gramming glucose metabolism, the com-
bined findings strongly suggest such a role, at
least for this rat model.

One factor that has been shown to stimu-
late gut hypertrophy is glucagon-like peptide
2 (GLP-2) (8), but what is it in the undigested
food that triggers hypersecretion of GLP-2
and the metabolic reprogramming response?
Is it related to the absence of bile acids and
pancreatic digestive enzymes in the Roux
limb that are particularly important for the
absorption of fat? This idea is supported by
findings in both rodents and humans that after
gastric bypass surgery, there is a decreased
preference for fat, likely the result of difficul-
ties with fat absorption (9, 10). Another ques-
tion concerns the time course of enhanced
intestinal glucose use. Doubling or even qua-

drupling of the intestinal mass does not hap-
pen overnight. Saeidi et al. report that maxi-
mal expansion was reached at 1 month. It will
be important to monitor gut tissue growth
earlier, as hypersecretion of incretins (hor-
mones that augment insulin secretion) and
improvements of glycemic control occur as
early as 10 days after surgery in humans (/7).
Assessment of a full time course of the adap-
tive response and its consequences for glu-
cose use, all while controlling for weight loss,
will be revealing.

Are the similar beneficial effects of dif-
ferent types of bariatric surgeries on glyce-
mic control mediated by the same mecha-
nism (/2)? For much less intrusive surgical
interventions, such as sleeve gastrectomy,
gastric emptying mechanisms and normal
digestion are preserved to some extent, SO
there might be less of an adaptive hypertro-
phic response. To date, gut hypertrophy has
not been examined after this much simpler
surgery. There also is the question of whether
the mechanism proposed by Saeidi et al. in
the rat is applicable to bariatric surgeries in
humans. When control subjects were given
the same low amounts of food eaten by sur-
gical patients, the same rapid improvements
in glycemic control were observed (73, 14),
suggesting that acute calorie restriction rather
than gut hypertrophy is important for diabe-

tes remission, at least during the early post-
surgical period, before substantial weight loss
has occurred.

Will the mechanism identified by Saeidi
etal.eventually lead to “knifeless” metabolic
interventions—"“bypassing the bypass,” as
the authors put it? The answer hinges on
the possibility to enhance glucose disposal
in the gut (or in any other organ) by phar-
macological and/or nutritional approaches.
In the meantime, there’s the old-fashioned
approach—exercise.
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s in the back garden, productivity

in the ocean is often limited by the

availability of nutrients, principally
nitrogen (N) and phosphorus (P). On a global
scale, the rates of nitrogen fixation (input)
and nitrogen loss (output) are believed to be
roughly equal. Both rates are, however, very
uncertain. Nitrogen loss processes occur in
subsurface water and sediments and depend
on the supply of organic matter, derived
from primary production in surface waters.
Reports in the last few years have changed
our understanding of the controls and path-
ways responsible for nitrogen loss.

Two main processes are responsible for
nitrogen loss: denitrification and anaerobic
ammonium oxidation (anammox). These
processes rely on fundamentally different
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organisms and metabolic pathways. Denitri-
fication is the sequential reduction of nitrate
(NO,) to dinitrogen gas (N,) via oxidized
intermediates, whereas anammox combines
ammonium (NH,) and nitrite (NO,) to yield
N,. Most denitrifying organisms obtain their
carbon (C) for growth from organic matter
produced by phytoplankton, whereas anam-
mox bacteria fix their own CO, into bio-
mass. Most denitrifiers consume and degrade
organic matter, releasing dissolved inorganic
nitrogen (including NH, and NO,). Anam-
mox bacteria require a source of NH, and
NO,, derived from the breakdown of organic
matter by other microbes (see the figure).
Anammox is a slow process mediated by
bacteria with minimum generation times of
nearly 2 weeks. Most marine bacteria and
their grazers have generation times of a few
hours to a few days at most, and it was there-
fore surprising when only anammox was
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The supply and composition of organic matter
control the processes by which fixed nitrogen
is lost from the ocean.

reported in marine environments, including
open-ocean regions containing very low oxy-
gen concentrations [oxygen minimum zones
(OMZs)] (1). In these regions, denitrifica-
tion had been assumed to be the sole process
responsible for nitrogen loss.

The source of NH, and NO, to support
anammox in the absence of denitrification
was a mystery. Organic matter in the ocean
has a well-established average composition
based on the primary producers from which
it derives. Complete decomposition and min-
eralization of this material to form CO, and
N, gases can occur by denitrification and
anammox in the ratio of 71:29. Any other
ratio requires the supply of nitrogen or car-
bon from an additional source (2). Reports of
100% anammox (3) suggested major incon-
sistencies either in the experiments or in our
understanding of carbon and nitrogen cycling
in the ocean.
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Drivers of nitrogen loss. The two bacterial processes leading to nitrogen loss in oxygen minimum zones of
the ocean depend on the supply of organic matter from the surface layer. Recent studies explain how the rates
and proportions of denitrification and anammox are controlled in ocean waters and sediments.

Subsequent investigations of denitrifica-
tion and anammox in the major OMZs of the
world ocean reported either anammox (7, 4)
or denitrification (3, 6), but rarely both. Two
hypotheses were suggested to explain the
apparent lack of denitrification in some loca-
tions. Lam et al. (7) suggested three alter-
native sources for ammonium (nitrite con-
centrations are normally sufficient in OMZ
waters): microaerobic respiration, that is,
organic matter degradation at the expense of
oxygen; transport of ammonium from sedi-
ments or by lateral advection from other water
masses; and dissimilatory nitrate reduction to
ammonium (NO, — NH,). However, there is
no oxygen in OMZ waters most of the time
(8), such that even intermittent oxygen sup-
ply cannot support the necessary degradation
rates for microaerobic respiration. Transport
of ammonium from sediments and dissimila-
tory nitrate reduction may both contribute to
the ammonium supply, but not at rates suffi-
cient to support the observed consumption by
anammox (9).

According to the second hypothesis, deni-
trification occurs in OMZs, but its distribu-
tion is patchy in space and time as a result of
an episodic supply of organic matter (/, 10).
It was suspected that the limited scope of the
small number of expeditions to date provided
only tiny snapshots of the OMZs, thus hav-
ing missed major episodes of denitrification.
In this scenario, denitrification is patchy and
dynamic in range, whereas anammox is slow,
steady, and consistent, but ultimately depen-
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dent upon denitrification for the supply of
dissolved inorganic nitrogen (DIN).

Recent findings appear to resolve the con-
troversy in favor of the second hypothesis. In
a transect along the coast of South America
(the eastern tropical South Pacific OMZ),
Dalsgaard et al. (11) detected both anam-
mox and denitrification. Anammox occurred
at almost every station at low rates, whereas
denitrification was less commonly detected
but occurred at very high rates at a few sta-
tions. When averaged over their data set, the
ratio of nitrogen loss as N, from denitrifica-
tion and anammox was 72:28, close to the
expected ratio and far from the dominance
by anammox previously reported from the
same region on the basis of a few measure-
ments (1,4).

Independently, work in my lab found that
the overall loss rate depends on the amount
of organic matter added and that the ratio of
denitrification:anammox depends on the car-
bon to nitrogen ratio (C:N) of the available
substrate. In both sediments (/2) and OMZ
waters (13), natural organic material with
a C:N ratio very close to the ocean average
(~7.5) resulted in a denitrification:anammox
ratio of 70:30—almost exactly the predicted
ratio. Incubations augmented with amino
acids or sucrose plus ammonium had higher
and lower anammox proportions, respectively,
in line with the C:N ratios of these substrates.

In the OMZ, where DIN can only come
from the degradation of organic matter in the
water column (see the figure), the total rate
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of nitrogen loss and the relative contributions
of denitrification and anammox must be con-
strained by the supply of organic matter. The
extensive field measurements by Dalsgaard et
al. (11) show that denitrification and anam-
mox are differently distributed in time and
space. Our experiments (/2, /3) provide an
explanation for those differences in terms of
the composition of the episodic organic mat-
ter supply. Thus, no major revision of the
nitrogen cycle, nor transport of DIN indepen-
dently of organic matter supply, is required to
explain nitrogen loss in OMZs.

Although these recent reports appear to
resolve a major controversy, further com-
plications may be hidden under the cover of
denitrification. Most denitrifiers consume
organic matter, but some obtain the energy for
CO, fixation from the oxidation of reduced
sulfur compounds. Usually, these organisms
are considered to be important only in sedi-
ments, but recent evidence of sulfide oxida-
tion (/4) and of active expression of autotro-
phic sulfur oxidation genes (15) suggest that
a cryptic sulfur cycle is linked to denitrifica-
tion in the OMZs. Organic matter thus may
not be the only control on denitrification rates
in these regions.

Denitrification and anammox together,
occurring in the OMZs and ocean sediments,
effectively consume the organic material
sinking out of the surface waters and account
for all the oceanic nitrogen loss. The depen-
dence of nitrogen loss rates on organic mat-
ter supply implies a tightly coupled oceanic
nitrogen cycle, which controls the fertility of
surface waters.
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