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Opening the Black Box : What Opening the Black Box : What controls CHcontrols CH44--
i i i t?i i i t?emission in peat? emission in peat? 

CHCH44-- fluxesfluxes areare usuallyusually wellwell correlatedcorrelated withwith temperature,temperature,
waterwater saturationsaturation (water(water tabletable position)position) andand toto aa lesserlesser
degreedegree withwith humificationhumification (degree(degree ofof decompositiondecomposition ofofdegreedegree withwith humificationhumification (degree(degree ofof decompositiondecomposition ofof
organicorganic matter),matter), vegetationvegetation typetype andand covercover..

CHCH44 “net“net fluxflux toto thethe atmosphereatmosphere isis aa complexcomplex functionfunction ofof
thethe processesprocesses thatthat controlcontrol thethe production,production,
consumption,consumption, transport,transport, andand releaserelease ofof thethe gas”gas”
(Bartlett(Bartlett && HarrissHarriss,, 19931993))..

 IsIs thethe inin situsitu activityactivity ofof CHCH44-- producersproducers ((methanogensmethanogens))
andand oxidizersoxidizers (methanotrophs)(methanotrophs) quantifiable?quantifiable? IsIs therethere aaandand oxidizersoxidizers (methanotrophs)(methanotrophs) quantifiable?quantifiable? IsIs therethere aa
relationshiprelationship ofof thethe inin situsitu activityactivity withwith CHCH44 flux?flux?
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Extraction of nucleic acids in soilExtraction of nucleic acids in soil
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PCR amplification of nucleic acidsPCR amplification of nucleic acids

1. Denature DNA
(95oC – 30 s)

2. Anneal primers
(55oC – 30 s)

35x

3. Primer extension
(72oC – 1 min)
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Quantitative PCR amplification of nucleic acidsQuantitative PCR amplification of nucleic acids



MethanogensMethanogens molecular markermolecular marker mcrmcrAA mRNAmRNAMethanogensMethanogens molecular marker molecular marker mcrmcrAA mRNAmRNA

methyl coenzyme M methyl coenzyme M reductasereductase (MR)(MR)

Gene encoding Gene encoding MR subunit MR subunit άά ((mcrmcrAA))
Present in all known Present in all known methanogensmethanogens

PCRPCR & RT& RT PCRPCR ith ML i b L t tith ML i b L t tqPCRqPCR & RT& RT-- qPCRqPCR with ML primers by Luton et with ML primers by Luton et 
al. 2002al. 2002

Thauer 1998Thauer 1998



Molecular marker methane oxidation: Molecular marker methane oxidation: 
pmmopmmo & & smmosmmo mRNAmRNA

Particular Particular ((pmmopmmo) ) or soluble (or soluble (smmosmmo) methane ) methane monooxygenasemonooxygenase
Type I methanotrophsType I methanotrophs

Type II methanotrophsType II methanotrophs

Gene encoding Gene encoding pmmopmmo subunit subunit άά ((pmoApmoA))
present in all present in all methanotrophsmethanotrophs, except , except MethylocellaMethylocella spp.spp.

Murrell 2008Murrell 2008

qPCRqPCR & RT& RT-- qPCRqPCR with with pmoApmoA A189fA189f––mb661r primers mb661r primers 
by Costello by Costello et alet al. 1999. 1999



Relationship between transcriptional and Relationship between transcriptional and 
physiological activityphysiological activity

“Clear differences were observed in the timing and“Clear differences were observed in the timing and
magnitude of changes in mRNA abundance and theirmagnitude of changes in mRNA abundance and their

di ti iti ”di ti iti ”corresponding enzyme activities.”corresponding enzyme activities.”

““ it is difficult to generally predict protein activityit is difficult to generally predict protein activity..... ..... it is difficult to generally predict protein activity it is difficult to generally predict protein activity 
from quantitative from quantitative transcriptometranscriptome data.”data.”



Relationship between transcriptional and Relationship between transcriptional and 
physiological activity in physiological activity in methanogensmethanogens

Only 8Only 8--fold increase in fold increase in 
mcrAmcrA mRNA numbers mRNA numbers 
during growth curve in during growth curve in 
pure culture. pure culture. 
50 t 45050 t 450 AA l ll l50 to 450 50 to 450 mcrAmcrA molecules molecules 
per cell.per cell.
halfhalf--life oflife of mcrAmcrA mRNA atmRNA athalfhalf life of life of mcrAmcrA mRNA at mRNA at 

3737°°C =15min.C =15min.



Relationship between transcriptional and Relationship between transcriptional and 
physiological activity in methanogensphysiological activity in methanogens

Homogenised and Homogenised and 
i b t d t t ti b t d t t t

Peat soil from Lake Peat soil from Lake 
Vyrnwy moorlandVyrnwy moorland

incubated at temperatures incubated at temperatures 
from 4 to 37from 4 to 37°°C.C.
CHCH production analysedproduction analysedVyrnwy moorland, Vyrnwy moorland, 

common heather withcommon heather with
cottongrasscottongrass

CHCH44 production analysed production analysed 
by FIDby FID--GCGC
mcrAmcrA analysed by analysed by qPCRqPCR & & y yy y qq

RTRT--qPCRqPCR
AEM 2009, 75:6679AEM 2009, 75:6679––66876687



MethanogenMethanogen temperature response: temperature response: 
physiological rates and physiological rates and mcrAmcrA transcript :gene ratiostranscript :gene ratios
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MethanogenMethanogen physiological rates and corresponding physiological rates and corresponding 
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MethanogenMethanogen physiological rates and corresponding physiological rates and corresponding 
mcrAmcrA transcript :gene ratiostranscript :gene ratios
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MethanogenMethanogen physiological rates and corresponding physiological rates and corresponding 
AA i ii i

at
io

at
io

mcrAmcrA transcript :gene ratiostranscript :gene ratios

22

2.52.5

da
nc

e 
ra

da
nc

e 
ra

Correspondence ofCorrespondence of

1.51.5

22

nene
ab

un
d

ab
un

d Correspondence of Correspondence of 
mcrAmcrA transcript: transcript: 
gene abundance gene abundance 

11

cr
ip

t:g
en

cr
ip

t:g
en ratios with ratios with 

physiological physiological rates rates 
per cell (per cell (mcrAmcrA genegene

00

0.50.5

00 0.50.5 11 1.51.5 22rArA
tr

an
sc

tr
an

sc per cell (per cell (mcrAmcrA gene gene 
copy) copy) 

00 0.50.5 11 1.51.5 22

CHCH44 production production rate rate mcrAmcrA gene abundancegene abundance--11

((nmolnmol CHCH4 4 hh--11))

m
cr

m
cr

AEM 2009, 75:6679AEM 2009, 75:6679––66876687



MR enzyme projectionMR enzyme projectionMR enzyme projectionMR enzyme projection
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MethanogenMethanogen physiological rates and corresponding physiological rates and corresponding 
AA i ii imcrAmcrA transcript :gene ratiostranscript :gene ratios

Summary:Summary:yy

Transcripts were detectable in all samples, even Transcripts were detectable in all samples, even 
when physiological rates were at analysis thresholdwhen physiological rates were at analysis thresholdwhen physiological rates were at analysis threshold.when physiological rates were at analysis threshold.

Transcript: gene ratios increased only 18Transcript: gene ratios increased only 18-- fold from fold from p g yp g y
minimum to maximum, corresponding to 1000minimum to maximum, corresponding to 1000-- fold fold 
increase in CHincrease in CH44-- production per gene copy.production per gene copy.

Maximum transcript: gene ratios were low compared Maximum transcript: gene ratios were low compared 
to pure culture studiesto pure culture studies –– suggesting high numbers ofsuggesting high numbers ofto pure culture studies to pure culture studies –– suggesting high numbers of suggesting high numbers of 
inactive or dead cells or underestimation of inactive or dead cells or underestimation of 
transcripts. transcripts. pp

AEM 2009, 75:6679AEM 2009, 75:6679––66876687



MethanogenMethanogen physiological rates and corresponding physiological rates and corresponding 
AA i ii imcrAmcrA transcript :gene ratiostranscript :gene ratios

Summary:Summary:yy

A significant relationship between A significant relationship between mcrAmcrA
transcript :gene ratios and CHtranscript :gene ratios and CH production ratesproduction ratestranscript :gene ratios and CHtranscript :gene ratios and CH44-- production rates production rates 
was evident.was evident.

We need more pure culture studies on the We need more pure culture studies on the 
relationships between transcription of key relationships between transcription of key 
f i l d l d bi h i lf i l d l d bi h i lfunctional genes and related biogeochemical functional genes and related biogeochemical 
process.process.

AEM 2009, 75:6679AEM 2009, 75:6679––66876687



Relationship between CHRelationship between CH44 flux rates and transcriptional flux rates and transcriptional 
i i fi i f hh dd h hh hactivity of activity of methanogensmethanogens and and methanotrophsmethanotrophs
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Methane emission from Lake Vyrnwy peat soilsMethane emission from Lake Vyrnwy peat soilsy y py y p

Field study: correlation of Field study: correlation of mcrAmcrA ((methanogenmethanogen) ) and and pmoApmoAyy (( gg )) pp
((methanotrophmethanotroph) ) mRNA expression mRNA expression with methane flux with methane flux 
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Methane emission from Lake Vyrnwy peat soilsMethane emission from Lake Vyrnwy peat soilsy y py y p

Field study: correlation of Field study: correlation of mcrAmcrA ((methanogenmethanogen) ) and and pmoApmoAyy (( gg )) pp
((methanotrophmethanotroph) ) mRNA expression mRNA expression with methane flux with methane flux 
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Methane emission from Lake Vyrnwy peat soilsMethane emission from Lake Vyrnwy peat soilsy y py y p

Field study: correlation of Field study: correlation of mcrAmcrA ((methanogenmethanogen) ) and and pmoApmoAyy (( gg )) pp
((methanotrophmethanotroph) ) mRNA expression mRNA expression with methane flux with methane flux 
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Methane emission from Lake Vyrnwy peat soilsMethane emission from Lake Vyrnwy peat soilsy y py y p

Field study: correlation of Field study: correlation of mcrAmcrA ((methanogenmethanogen) ) and and pmoApmoA
((methanotrophmethanotroph) ) mRNA expression mRNA expression with methane flux with methane flux 
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Methane emission from Lake Vyrnwy peat soilsMethane emission from Lake Vyrnwy peat soilsMethane emission from Lake Vyrnwy peat soilsMethane emission from Lake Vyrnwy peat soils

Field study: correlation of Field study: correlation of mcrAmcrA ((methanogenmethanogen) ) and and pmoApmoA
((methanotrophmethanotroph)) mRNA expressionmRNA expression with methane fluxwith methane flux((methanotrophmethanotroph) ) mRNA expression mRNA expression with methane flux with methane flux 

SummarySummary

 AtAt thethe CHCH44 sourcesource sitesite ,, thethe correlationcorrelation ofof methanogenmethanogen activityactivity andand

positivepositive fluxflux ratesrates suggests,suggests, fluxflux ratesrates werewere mainlymainly dependantdependant ofof CHCH44

productionproduction..

M th t hM th t h ti itti it ll hi hhi h b tb t tt l t dl t d tt flfl tt MethanotrophMethanotroph activityactivity waswas alsoalso high,high, butbut waswas notnot correlatedcorrelated toto fluxflux rates,rates,
suggestingsuggesting thatthat factorsfactors otherother thanthan substratesubstrate availabilityavailability limitedlimited
methanotrophmethanotroph activityactivity..pp yy



Methane emission from Lake Vyrnwy peat soilsMethane emission from Lake Vyrnwy peat soilsMethane emission from Lake Vyrnwy peat soilsMethane emission from Lake Vyrnwy peat soils

Field study: correlation of Field study: correlation of mcrAmcrA ((methanogenmethanogen) ) and and pmoApmoA
((methanotrophmethanotroph)) mRNA expressionmRNA expression with methane fluxwith methane flux((methanotrophmethanotroph) ) mRNA expression mRNA expression with methane flux with methane flux 

SummarySummary

 Conversely,Conversely, atat thethe CHCH44 sinksink sitesite ,, thethe correlationcorrelation betweenbetween methanotrophmethanotroph

activityactivity andand CHCH44--fluxflux ratesrates suggestssuggests thatthat allall thethe CHCH44 producedproduced waswas alsoalso
oxidisedoxidised andand thatthat methanotrophmethanotroph activityactivity waswas substratesubstrate--limitedlimited..

II t t lt t l d td t tt th tth t th t hth t h thth jj i bi l i li bi l i l InIn totaltotal;; datadata suggestsuggest thatthat methanotrophsmethanotrophs areare thethe majormajor microbiologicalmicrobiological
fluxflux regulatingregulating factorfactor:: methanemethane productionproduction isis alwaysalways high,high, onlyonly thethe
modulationmodulation ofof methanotrophmethanotroph activityactivity controlscontrols thethe surfacesurface fluxflux..pp yy
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Methane emission from Lake Vyrnwy peat soilsMethane emission from Lake Vyrnwy peat soils

Field study: correlation of Field study: correlation of mcrAmcrA ((methanogenmethanogen) ) and and pmoApmoA
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Methanogen response over time at constant temp.:Methanogen response over time at constant temp.:
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E coliE coli K12 cell seedingK12 cell seedingE.coliE.coli K12 cell seedingK12 cell seeding

so
il)

so
il)

109 106

ss --11
so

il)
so

il)

d 
ge

ne
s

d 
ge

ne
s

co
pi

es
 g

co
pi

es
 g

--11

107

108

104

105

tr
an

sc
rip

ts
tr

an
sc

rip
ts

A 
co

pi
es

 g
A 

co
pi

es
 g

--

R
ec

ov
er

e
R

ec
ov

er
e

lili
K

12
 D

N
A 

K
12

 D
N

A 

106

107

103

104

R
ec

ov
er

ed
 t

R
ec

ov
er

ed
 t

K
12

 m
R

N
A

K
12

 m
R

N
A

((E
. c

ol
E.

 c
ol

105

10

102

RR
((E

. c
ol

i
E.

 c
ol

i

Seeded genes and transcriptsSeeded genes and transcripts
((E. coliE. coli K12 DNA and mRNA copies gK12 DNA and mRNA copies g--11 soil)soil)

102 103 104 105 106 107 108 109



Methane emission from Lake Vyrnwy peat soilsMethane emission from Lake Vyrnwy peat soilsMethane emission from Lake Vyrnwy peat soilsMethane emission from Lake Vyrnwy peat soils

Field study: correlation of Field study: correlation of mcrAmcrA ((methanogenmethanogen) ) and and pmoApmoAyy (( gg ))
((methanotrophmethanotroph) ) mRNA expression mRNA expression with methane flux with methane flux 
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Methane emission from Lake Vyrnwy peat soilsMethane emission from Lake Vyrnwy peat soilsMethane emission from Lake Vyrnwy peat soilsMethane emission from Lake Vyrnwy peat soils

Field study: correlation of Field study: correlation of mcrAmcrA ((methanogenmethanogen) ) and and pmoApmoAyy (( gg )) pp
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MethanogenMethanogen response over time at constant temp.:response over time at constant temp.:
physiological rates and physiological rates and mcrAmcrA transcript :gene ratiostranscript :gene ratios
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