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Paradigms

Upland soils...dominated by aerobic processes
Redox stratification... ‘a wetland thing’
Microbes... obligate anaerobes, obligate aerobes
Methanogens... oxygen = toxic

Aerobic respiration...leads to high CO, fluxes
Carbon accumulates...when its anoxic

Well controlled experiments...avoid oscillation

But what if we're wrong? (even just a little)



REDOX: Oxidation (loss of e-) & Reduction (gain of e-)

THE
CHEMICAL ACTIVITIES
OF BACTERIA

ERNEST F. GALE. B.AL, Pu D, Se D,

“1t 15 probably not unscientific to suggest the somewhere or other
some organism exists which can, under suitable conditions, oxidize

any substance which is theoretically capable of being oxidized”
—E.F Gale 1952



Terminal electron acceptors

Thermodynamics tells us microbes .
should use terminal electron acceptors
sequentially, according to the ‘redox
ladder’...
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But is this the right conceptualization?




Redox patterns are dynamic in space

e |n deep soils

e |n surface soil microsites
(Sexstone et al. 1985)

e |n the rhizosphere
(Keiluweit et al. 2015; Richter et al
2007)

soll . anoxic
solid vs pore . .
microsites




Redox patterns are also dynamic in time & space
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Electron donors

Energy storage in organic compounds

“High I CH Microbial Biomass
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The organization of global microbial communities is linked
to substrate & redox traits

B
The diversity and biogeography of soil .
bacterial communities B
Moah Fierer*t and Robert B. Jackson®* & 254 =

Soil pH

Redox traits characterize the organization of
global microbial communities

||||||||

Salvador Ramirez-Flandes, Bernardo Gonzalez, and Osvaldo Ulloa

PMAS February 26, 2019 116 (9) 3630-3635; first published February 11, 2019 hitps:/fdoi.orgM0.1073
Ipnas. 1817554116

Network of oxidoreductase and
taxonomic genes from 247 microbial
metagenomes. Nodes=metagenomes,
colored by biome.




Metagenomes of uncultured microbes—illustrate taxa

who ‘break the rules’

e ‘Strict’ anaerobes—
methanogens

BUT...Candidatus Methanothrix
paradoxum

e ‘Strict’ aerobes—ammonia
oxidizers

BUT... Nitrososphaera 7.2 and
Nitrosotalea 1.1
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The micro-ecological dimension of

Unlike T, H,O, pH, or mineralogy...
soil O,/pE is one of the few
environmental drivers that
oscillates on a timestep faster than
microbial populations can respond
(via growth)

IF t,, O T,.4<< T (turnover time)

THEN populations must adapt via:
- Avoidance (refugia)

redox fluctuation

Redox

Frequency

l —l t OOOOOO - ioxidizing
toxidizing reducing
«—> —
/\_/\b"'““de
reducing
Time #

- Tolerance (superoxide dismutase, polyphosphate

storage)

- Flexible metabolism (alternative e- acceptors)




Knowledge Gap

Objectives

Luquillo Critical Zone Observatory, Puerto Rico



Climate changes are already altering the predominant

redox regime of soils in the Luquillo CZO
4-month drought
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= Redox fluctuations in these upland tropical forest soils are spatially
and temporally heterogeneous
= Redox oscillations affect Fe-C-P-N cycles 12




Tropical soils have diverse microbial functional capacity
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Soil manipulation experiment—effects of redox patterns on
microbial communities and their functionality

Pre-treatment

| 1 1 | oxic
> 2 i X
|": iy T iR o b
1 ' 1 - 1 :I | . | '
' 1 ' 1 1 il 1 1 M 1
¥ :
Fluctuating
e
ininle
] 1 :I ! 1 ]
L el
x X ¥

Anoxic

10 Time a4
(13C plant litter added to a subset of microcosms) _ _
* Oxic to anoxic

“*  Anoxic to oxic
The ‘Great Redox Experiment’



Oxic and oscillating redox communities are barely

distinguishable; anoxic soils develop a unique cohort

PCoA of Soil Bacterial Communities
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13C SIP metagenomes, many novel viral sequences

326 medium/high quality
bins (MAGs) from 3C
enriched DNA fractions

largest changes in the
static anoxic vs static oxic

strong response in the Fe
reducer community

found 460 viral OTUs, %
were unique to the active
fraction (13C)-

Viral richness was highest
in oxic samples, decreased
with O, availability
(oxic>low frequency>high
frequency>anoxic)

Majority of taxa
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Microbial strategies to ‘cope’ with soil redox status
OTUs change with time, primarily due to metabolic tolerance .....NOT plasticity

100

Phylum

Count

. Armatimonadeles

- Bacteroidetes

hl
50)- Chlamydiae

Chloroflexi

- Cyanobacteria

Dependentias

- Flrmicutes
Planctomyceatas

. Proteobacteria

- Spirochastes

. unclassified_Bacteria
- Vearmmucomicrobia




Soil manipulation experiment—effects of redox patterns on
soil biogeochemistry

Pre-treatment
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The ‘Great Redox Experiment’



Expectations...(based on the literature)

@her microbial

respiration rate

co,
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Gross et al., Soil Systems 2018 2



Rapid changes in Fe(ll), amorphous Fe and DOC were
observed when redox conditions switched
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Anoxia constrains carbon use efficiency and microbial
capacity for P uptake
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Mean C:P ratios of microbial biomass in LEF soils incubated with oxic or anoxic
conditions (10 d) and then amended with glucose and potassium phosphate at
different C:P ratios.

Gross, Lin et al. Ecology (in press)



13C enriched organic matter is associated with iron

oxide surfaces
SEM 12C 813C /12C

(%0)
Pure 13C

litter

Soil +
13C litter
anoxic

Soil +
13C litter

OXiC

Bhattacharyya et al. (in prep)



Aromatic components are ‘left behind’ in anoxic soils

Rt
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= Composition of C remaining from added 3C litter differs in oxic vs. anoxic soils
= Anoxic soils show an accumulation of aromatic components
= O-alkyl residues were more common in oxic soils 10



Count in Sample

Redox impacts on soil metabolites—most
transformation observed for flux/oxic treatments

FTICR-MS (EMSL) LC-MS-MS (JGI)

Water-extractable metabolites
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Fresh litter enables rapid anoxic respiration; decomposition of
pre-existing SOM is limited by [0,] availability

2 _
Litter 13CO0,
Native 12€0,

= 1; no preference

> 1; preferential litter respiration

=
(0]
I

< 1; preferential native C respiration
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©))]
I
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N

[EEN

static high low static oxic
anoxic frequency frequency

0.8

* Ratio of fresh litter/native OM soil CO, fluxes.

* Relatively more ‘fresh’ litter was metabolized and respired under anoxic conditions, 27
whereas more (pre-existing) soil-derived C was respired in oxic conditions.
Bhattacharyya et al. in prep; Lin et al. in prep.



Messages to take away

In upland soils, rapid redox
depletion is driven by
precipitation-borne influxes of
labile C, which drive O,
consumption, CO, and H,
production.

In Fe oxide rich tropical
soils, oscillation between
crystalline and amorphous
forms provides brief pulses of
DOC, which are rapidly
consumed.

Oscillation promotes rapid
microbial use of fresh C.
Average soil O, is a poor
predictor of BGC fluxes.

OM decomposition
Oxidative precipitation
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Reductive dissolution
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Multi-day shifts in soil
redox status do not
dramatically restructure the
bacterial communities.
Instead, taxa appear tolerant
of redox changes, which play
different ‘chords’ on a
background microbial
‘keyboard™




Next Steps...

Tropical Responses fo
Altered Climate Experiment
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Their next steps...
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Composition of iron cycling microbes is impacted by
soil redox—stronger response in the reducer community

PCoA of Iron OXIdIZIng Microbes PCoA of Iron Reducing Microbes
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