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Outline	
•  	Case	study	–	microbial	communiJes	in	soil	

•  mothur	workflow	

•  mothur	MiSeq	SOP		
hDp://www.mothur.org/wiki/MiSeq_SOP	
	
How	to	get	your	data	in,	get	your	data	out		
(an	OTU	table),	and	get	help	
	
•  Some	preliminary	staJsJcs	
	



The	functional	potential	of	soil	microbial	communities	shifts	with	
agricultural	management,	increasing	their	capacity	to	produce	
greenhouse	gases	

Tracy	Teal,	Michigan	State	University	
Vicente	Gomez-Alvarez,	Environmental	ProtecJon	Agency	
Tom	Schmidt,	University	of	Michigan	



Land	use	change	and	intensive	agriculture	
increase	greenhouse	gas	Cluxes	
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Microbes	are	the	primary	mediators	of	nitrous	oxide	
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N2O	



Land	management,	sustainability	and	
microbial	communities	
•  How	do	microbial	communiJes	change	with	land	
management?	

•  What	is	the	relaJonship	between	denitrifying	bacteria	and	
N2O	in	agricultural	and	naJve	soils?	 w
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Experimental	sites	
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Kellogg Biological Station LTER 



   AG    Conventional Agriculture  (3 crop rotation)  
   ES    Early Successional (20 years abandoned) 
   SF    Successional Forest (40 years abandoned) 
   DF    Deciduous Forest (native forest, never tilled)  

How	do	microbial	communities	change	with	land	
management?	
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Kellogg Biological Station LTER 

"   Vicente	Gomez-Alvarez	



How	do	microbial	communities	change	with	land	
management?	
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Kellogg Biological Station LTER 

eralizable N were 3 to 10 times lower in the
poplar sites than in any of the high-N2O
sites (Table 1).

The difference in N2O production be-
tween cropped and successional systems pro-
vides an estimate of background fluxes in
agriculture now missing from current glob-
al flux estimates. The current Intergovern-
mental Panel on Climate Change (IPCC)
methodology for assessing direct N2O
emissions from agricultural fields (17 )
multiplies total N inputs (from synthetic
fertilizer, manure, legumes, and crop resi-
due) by an N2O emission factor calculated
as the difference between N2O flux from
fertilized versus unfertilized experimental
plots plus a background flux equivalent to
that of the unfertilized plot. The difference
between the estimated background flux and
the actual preagricultural flux is missing
(18). In our site, the N2O flux difference
between the unfertilized early successional
site and the late successional forest (15)
would add 40% to estimates of background
N2O emissions, or about 20% to estimates
of annual crop emissions based on IPCC
emission factors alone (19). The magnitude
of this increase further underscores the im-
portance of contemporary agriculture, as
suggested in recent revisions of the global
N2O budget (18). A 20% increase in the
total flux attributed to cultivated soils in the
most recent IPCC assessment (1) adds 0.7
Tg N year!1 to the global N2O flux.

We used current IPCC factors (20) to
estimate the GWP for each of these systems
based on contributions of individual gases.
GWP provides a measure of the cumulative
radiative forcing of various greenhouse gases
relative to some reference gas, usually CO2,
over a specific time horizon, here 20 years
(21). We calculated net CO2 flux on the basis
of changes in soil organic matter and the CO2

cost of agronomic inputs—N fertilizer, lime,

and fuel. Changes in soil organic matter re-
flect the difference between net C uptake by
plants and losses of carbon from crop harvest
and from the microbial oxidation of crop
residues and soil organic matter (22).

The conventional tillage system exhibited
a net GWP of 114 g CO2 equivalents m!1

year!1 (Table 2). About half of this potential
was contributed by N2O production (52 g
CO2 equivalents m!2 year!1), with an equiv-
alent amount (50 g CO2 equivalents m!2

year!1) contributed by the combined effects

of fertilizer and lime. The CO2 cost of fuel
use was also significant but less than that of
either lime or fertilizer. No soil C accumulat-
ed in this system, nor did CH4 oxidation
significantly offset any GWP sources.

The net GWP of the no-till system (14 g
CO2 equivalents m!2 year!1) was substan-
tially lower than that of the conventional
tillage system, mostly because of increased
C storage in no-till soils. Slightly lower
fuel costs were offset by somewhat higher
lime inputs and N2O fluxes. Intermediate to

Fig. 1. CH4 oxidation
(top) and N2O pro-
duction (bottom) in
annual and perennial
cropping systems and
unmanaged systems.
Annual crops were
managed as conven-
tional cropping sys-
tems, as no-till sys-
tems, as low–chemical
input systems, or as
organic systems (no
fertilizer or manure).
Midsuccessional sys-
tems were either nev-
er tilled (NT) or his-
torically tilled (HT)
before establishment.
All systems were rep-
licated three to four
times on the same or
similar soil series; flux-
es were measured
over the 1991–99 pe-
riod. There are no sig-
nificant differences
(P" 0.05) among bars
that share the same
letter on the basis of
analysis of variance.
Triangles indicate av-
erage fluxes when in-
cluding the single day of anomalously high fluxes in the no-till and low-input systems in 1999 and
1991, respectively (15).

Table 1. Patterns of aboveground net primary production (ANPP), soil nitrogen availability, and soil organic carbon (30) among study sites (10). Values are
means (#SE) of annual ecosystem averages (n $ 8 years), except that organic C values are 1999 means.

Ecosystem management
ANPP
(MT ha!1

year!1)

NO3-N†
(%g g!1)

N mineralization
potential†

(%g g!1 day!1)

Organic C‡
(%)

Organic C‡
(kg m!2)

&C
(g m!2

year!1)

Annual crops (Corn-soybean-
wheat rotation)
Conventional tillage 9.24 (1.41) 6.54 (0.53) 0.13 (0.05) 1.00 (0.07) 0.94 (0.05) 0.0
No till 9.19 (1.48) 4.74 (0.32) 0.17 (0.03) 1.24 (0.05) 1.24 (0.06) 30.0
Low input with legume cover 8.84 (1.39) 4.34 (0.21) 0.23 (0.02) 1.08 (0.03) 1.05 (0.01) 11.0
Organic with legume cover 7.79 (1.11) 3.83 (0.20) 0.21 (0.02) 1.09 (0.05) 1.02 (0.04) 8.0

Perennial crops
Alfalfa 8.18 (1.67) 2.53 (0.17) 0.26 (0.02) 1.30 (0.05) 1.38 (0.08) 44.0
Poplar 10.17 (4.00) 0.30 (0.02) 0.04 (0.01) 1.40 (0.14) 1.26 (0.11) 32.0

Successional communities
Early successional 4.24 (0.37) 0.63 (0.04) 0.08 (0.01) 1.63 (0.06) 1.54 (0.05) 60.0
Midsuccessional (HT)* 2.60 (0.27) 0.37 (0.05) 0.16 (0.04) 1.61 (0.19) 1.37 (0.14) 0.9
Midsuccessional (NT)* 4.93 (0.22) 0.47 (0.03) 0.03 (0.02) 3.63 (0.28) 2.84 (0.22) 0.0
Late successional forest 5.26 (0.11) 1.84 (0.11) 0.28 (0.03) 2.93 (0.47) 2.29 (0.21) 0.0

*HT, historically tilled; NT, never tilled. †0- to 25-cm depth. ‡0- to 7.5-cm depth.
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   AG    Conventional Agriculture 
   ES    Early Successional 
   SF    Successional Forest 
   DF    Deciduous Forest  

*	 *	 *	 *	

*	
*	 *	 *	



Metagenomics	approach	
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Shotgun	
metagenomes	

Extract	
DNA	

Amplicon	

PCR	

Collect,	composite	
	and	sieve	

2	replicates	of	two	treatments	in	each	of	two	years	



Taxonomic	composition	of	bacterial	communities	
changes	with	treatment	
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Microbial communitySoil properties
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Biogeochemistry	and	bacterial	community	change	
concomitantly	
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Microbial communitySoil properties
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Microbial communitySoil properties
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Shifts	within	phyla	differentiate	communities	
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Functional	potential	changes	with	land	management	
	

Analysis	of	7058	genes	annotated	by	MG-RAST	against	the	SEED	database	
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What	is	the	relationship	between	
denitrifying	bacteria	and	N2O	in	
agricultural	and	native	soils?	
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Denitrifying	microbes	
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Nitrogen	metabolism	contributes	to	the	
differentiation	of	communities	
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Gene	abundances	
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More	denitriCication	potential	in	Ag	soils	
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Not	only	abundance	contributes	to	N2O	Clux	
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Not	only	abundance	contributes	to	N2O	Clux	



DenitriCier	composition	also	changes	
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High	denitrifer	diversity	
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AOB	proportion	increased	signiCicantly	in	AG	
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Types	of	denitriCication	
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	Heterotrophic	denitrificaJon	

Autotrophic	denitrificaJon		(AOBs)	

N2O	

N2O	 N2	

NO2
-	NH2OH	NH4

+	
H2O	

O2	

NO3
-	

nirK	
NO2

-	

CondiJons 	FuncJon	

Anoxic 										EnergeJcs	

Oxic												Nitrite	detoxificaJon	
nirK	



Microbial	communities	in	agriculture	are	
poised	for	denitriCication	
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N	
Denitrifier	
community	
composiJon	

(increased	AOBs)	

Denitrifier	
proporJon	of	
community	

N2O/N2	
(mole	raJo)	

Rate	of	
denitrificaJon	



What	is	the	relationship	between	denitrifying	bacteria	
and	N2O	in	agricultural	and	native	soils?	

•  Denitrifier	abundance	and	composiJon	changes	with	
agricultural	management.		CommuniJes	more	diverse	than	
previously	thought	and	poised	for	denitrificaJon.	

•  May	be	potenJal	for	microbial	mediaJon	
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Other	studies	on:	
Methanotrophs	
Biofuel	crops	with	the	GLBRC	
Longitudinal	study	of	KBS	LTER	sites	
Effects	of	ferJlizaJon	
HGBF	studies	of	soil	health	in	sub-Saharan	Africa	

Tom	Schmidt	
University	of	Michigan	





mothur	
• Updated	versions	are	released	every	few	months	

•  First	release,	v1.1.0,	March	2009	
•  Last	release,	Version	1.39.5,	March	2017	

• Approaches	
Taxonomy 	 	OTUs 	Phylogeny	

•  Sequencing	systems	
Sanger 	 	454 	 	Illumina	

•  Tutorials	for	OTU-based	approach	
•  454 	 	hDp://www.mothur.org/wiki/454_SOP	
•  Illumina 	 	hDp://www.mothur.org/wiki/MiSeq_SOP	



mothur	and	QIIME	
•  Both	are	open	source	and	on	github	
•  Both	aim	to	enable	advances	in	microbial	ecology	and	are	acJvely	
maintained	and	developed	

•  Both	require	alignment	
•  mothur	is	not	an	acronym	
•  While	QIIME	connects	mulJple	tools,	mothur	reimplements	
algorithms,	so	that	it	is	all	one	program	

Introducing	mothur:	Open-Source,	Pla;orm-Independent,	
Community-Supported	So>ware	for	Describing	and	Comparing	
Microbial	CommuniDes	
Schloss	et	al,	AEM,	2009	
•  mothur	in	C++,	QIIME	connecJons	in	Python	
•  QIIME	has	mothur	and	mothur	has	Unifrac,	but	the	default	behavior	
for	mothur	is	to	do	clustering	based	on	sequence	distance	

•  mothur’s	clustering	can	be	very	memory	intensive,	Uparse	as	used	in	
QIIME	requires	less	memory	



Outline	
•  	Case	study	–	microbial	communiJes	in	soil	

•  mothur	workflow	

•  mothur	MiSeq	SOP		
hDp://www.mothur.org/wiki/MiSeq_SOP	
	
How	to	get	your	data	in,	get	your	data	out		
(an	OTU	table),	and	get	help	
	
•  Some	preliminary	staJsJcs	
	



mothur	workClow	

Prepare	the	data	 FASTQ	files,	informaJon	file,	
assemble	paired	ends		

Quality	filter	
Remove	ambiguous	base	pairs	&	any	
sequences	longer	than	expected	
Algorithms	detailed	in	Kozich	et	al.	2013	
	

Reduce	data	set	
Create	a	file	with	just	unique	sequences	
&	track	what	samples	they’re	in	

Align	to	a	reference,	reassess	quality	&	
reduce	data	size	again	

Align	sequences	&	
quality	filter	

Remove	chimeras	
&	non-bacterial		

Several	chimera	removal	opJons	&	
remove	sequences	not	classified	as	
bacterial	

(Schloss	2009;	Schloss	2010;	Schloss	2013;	Pruesse	et	al.	2007,	doi:10.1093/nar/gkm864;	Pruesse	et	al.	2012,	doi:10.1093/bioinformatics/bts252	)	



Create	distance	
matrix	

Cluster	

Create	an	OTU	
table	

Classify	sequences	 Data	visualizaJon	
MulJvariate	
staJsJcs	

Hypothesis	
generaJon	

mothur	workClow	
(Schloss	2009;	Schloss	2010;	Schloss	2013;	Pruesse	et	al.	2007,	doi:10.1093/nar/gkm864;	Pruesse	et	al.	2012,	doi:10.1093/bioinformatics/bts252	)	

Algorithms	
nearest	neighbor	
average	neighbor	
furthest	neighbor	(*)	
	
Distances	
e.g.	0.03,	0.10,	0.20	
	



Working	in	mothur	

hDps://github.com/tracykteal/tutorials/tree/master/mothur	
	
hDp://www.mothur.org/wiki/MiSeq_SOP	
	

Learn	how	to:	
-  Get	in	(get	data	in)	
-  Get	out	(Come	home	with	an	OTU	table	or	on	it)	
-  Get	help	



Options	for	running	mothur	
• hDp://www.mothur.org/wiki/Download_mothur	
• Windows,	Mac,	Linux	

•  InteracJve	
•  Batch	
•  GUI	

• However,	for	a	real	analysis,	you’ll	need	significant	
computaJon,	so	likely	cloud	or	HPC	resources.	
Mothur	needs	memory	in	parJcular.	



mothur	SOP	data	
Looking	at	the	effect	of	normal	variaJon	on	the	gut	microbiome	and	
host	health	
	
•  Collected	fresh	feces	from	mice	on	a	daily	basis	for	365	days	post	
weaning.		

•  During	the	first	150	days	post	weaning	(dpw),	nothing	was	done	to	
the	mice	except	allow	them	to	eat,	get	fat,	and	be	merry.	They	were	
curious	whether	the	rapid	change	in	weight	observed	during	the	first	
10	dpw	affected	the	stability	of	the	microbiome	compared	to	the	
microbiome	observed	between	days	140	and	150.		

•  To	make	this	tutorial	easier	to	execute,	they	are	providing	only	part	
of	the	data	-	you	are	given	the	flow	files	for	one	animal	at	10	Jme	
points	(5	early	and	5	late).	In	addiJon,	to	sequencing	samples	from	
mice	fecal	material,	they	resequenced	a	mock	community	composed	
of	genomic	DNA	from	21	bacterial	strains.	We	will	use	the	10	fecal	
samples	to	look	at	how	to	analyze	microbial	communiJes	and	the	
mock	community	to	measure	the	error	rate	and	its	effect	on	other	
analyses.	



mothur	tutorial	
•  Is	your	sample	coverage	
sufficient	for	
meaningful	analyses?	

• Do	mouse	fecal	
microbiota	differ	
between	weanling	and	
adult	mice?	
•  alpha,	beta	diversity	
•  OTUs	responsible?	

•  Is	variaJon	in	fecal	
microbiota	greater	
among	weanlings	than	
adults?	

Use	both	graphical	and	staJsJcal	tools	to	answer	each	quesJon.	
Ignore	the	obvious	pseudoreplicaJon	and	simultaneous	lack	of	replicaJon.	


