Received Date : 16-May-2016
Revised Date :20-Jul-2016
Accepted Date : 26-Jul-2016

Article type » msMS=Regular Manuscript

Biological [ nitrogen fixation by alternative nitrogenases in boreal cyanolichens
importance of molybdenum availability and implications for current biological nitrogen

fixation estimates

Romain Darnajoux Xinning Zhang, DarcyL. McRosé, Jolanta Miadlikowsk® Francois
Lutzon?, AnneM. L. Kraepief andJeanPhilippe Bellenger

ICentre'Séve Départementde chimie Université de Sherbrooke JIK 2R1, Québec
Canada °Department of Geosciences, Princeton University, Princetod, 08544,
USA; *Departmenbf Biology, DukeUniversity, Durham,NC 27708,USA [Author, please

confirm inserted text ‘Québec’ and ‘08544’ are correct]

Author foricorrespondence:
Jean-Philippe:Bellenger

Tel: +1 8198217014

Email: Jean=philippe.bellenger @usher brooke.ca

Received16 May 2016
Accepted26 July 2016

Summary

This is the author manuscript accepted for publication and has undergone full peer review but
has not been through the copyediting, typesetting, pagination and proofreading process, which
may lead to differences between this version and the Version of Record. Please cite this article

asdoi: 10.1111/nph.14166

This article is protected by copyright. All rights reserved


http://dx.doi.org/10.1111/nph.14166�
http://dx.doi.org/10.1111/nph.14166�
mailto:Jean-philippe.bellenger@usherbrooke.ca�

= Cryptogamic specieand their associated cyanobactérae attracted the attention of
biogeochemists due to tharitical roles in the nitrogen cycle through symbiotic and
asymbiotic biological fixation ofitrogen (BNF). Biological nitrogen fixationis
mediated by the nitrogenasmzyme which, in its most common form, requires
molybdenum at its active sitdlolybdenum(Mo) has beerreported asa limiting
nutrient for BNF in many ecosystemsincluding tropical and tempera¢ forests.
Recent studies have suggested tisgrnativenitrogenases, which useanadiumor
iromgin place ofmolybdenumat their active sitemight play a more promemt role in
natural ecosystems than previousgognized

» Here wesstudiethe occurrence of vanadiurtierole of molybdenum availability on
vanadium acquisition, and alternative nitrogesasentribution to BNFin the
ubiquitous cyanolicheReltigera aphthosa s.l. [Author, please confirm the text ‘s.l.’
given after the speciesinder investigation is correct here and elsewhere in the
paper].

= We confirmed the use dhe alternative vanadiufbased nitrogenase in thiNdostoc
cyanebiont of these lichemandits substantial contribution tBNF in this organism
We'dso.show thathe acquisition offanadiumis stronglyregulated by the abundance
of molybdenum.

= Thesefindingshow that alternative nitrogenase can no longer be negleatediiral

ecosystems, particularly in Monited habitat

Key words: dternative nitrogenasebijological nitrogen fixation, boreal forest, cyanolichens,
molybdenum (Mo)Peltigera aphthosa s.l., vanadiun{V).

Introduction

The boreal _biome&overs17% of the terrestrial landscapndrepresent one of the highest
carbon storagein terrestriatosystemDixon et al., 1994; IPCC, 2000; Kasischke, 2000;
DelLuca &Beisvenue, 2012pDver the course of the next century, boreal forests will undergo
changes_ at/an unprecedented rate due to global climate change (IPCC, 2013\i0&éh

(N) is the mostfrequentlyreported limiting nutrient for primary production in boreal fosest
(LeBauer & Treseder, 2008; Waegal., 2010) Theavailability of N to plants isexpectedo

play a critical role in the response of boreal faéstglobal climate changéHeimann &
Reichstein, 2008; Sigurdssehal., 2013; Yuan & Chen, 2015Biological nitrogen fixation

This article is protected by copyright. All rights reserved



(BNF) by cyanobacteria associated wibhyophytes andichenforming fungiis a critical
source of new Nor unmanaged boreal ecosystefDgLucaet al., 2002).

Biological nitrogen fixation is catalyzed by the enzyniteogenas€Naseg. Threeiso-
enzymes of theNase have beendentified so far (Eady, 1996; Reedt al., 2011) the
canonicalFmolybdenum (Meé)laseand twoalternativeMo-independent isozynsethatis, the
vanadium/(V) deperaemt Nase(V-Nase)and the iron (Fepnly Nase(Fe-Nase) Until very
recently, the contribution of alternative Nasé¢o N inpus in natural habitats was very
difficult toymeasure, and BNF was thus usually assumed to be carriedausively by the
Mo-Nase Yet,, severalstudies carried out intropical temperate anccold temperate
ecosystemshave reportedimitation of BNF by Mo (Silvester, 1989; Barroset al., 2008;
Wurzburgeret al., 2012; Jearet al., 2013) Vanadium which is c. 50200 times more
abundant than"Mo in thearths crust(Wedepohl, 1995)might present a suitable alternative
to Mo to sustain BNF intheseenvironments. This is consistent with several studies reporting
the presence of the genes coding for alternative Nases wide range okcosystems
(Betancouriet al., 2008)and inseveralcyanobacteria, includinjostoc spp.associated with
five bi-memberedi.e. two symbiontstyanolichen®f the genu$eltigera (Hodkinsonet al.,
2014). Another report,based on an exhaustive analysispablished aetylene reduction
to >N inéefporation conversion ratio concluded that bothNése and alternative Nases- (V
and FeNase)likely contribute to BNF irsoils (Bellengeret al., 2014) Finally a recenstudy
on metal homeostasis in théiquitous tri-membered(i.e. three symbiontsgyanolichen
Peltigera aphthosa s.l. also suggestedhat V very likely plag a significant role in BNF by
borealcyanolichengDarnajouxet al., 2014).

While these studiesuggesthat alternative Nases are widespread and active in a wide
range of ecosystemthe definitive demonstration of tineamportance remains to beade
This goal is_nowwithin reach becauseew methodsllow the assessment die activity of
alternative Nasem environmental sampleRecently Zhanget al. (2014)demonstrated that
alternativeN-fixation produces organic matter with low&?N (i.e. **N isotopic fractionation
for Mo-Naseis€ Cc. + 2%0, whereador alternative Nasee c. + 6 to + 7%o). More recently
another isetope fractionatiemasedtechnique,isotopic acetylene reduction ags@SARA),
has been “developed tefficiently and reliably assess alternativgase activity in
environmental samplgZhanget al., 2016).

Here we make use ofdbe new tools together with more conventional approaches to
examine the contribution ddlternativeNases to BNF in Peltigera aphthosa s.l. and the

environmental factors influencing ishactivity. Peltigera aphthosa s.l. is a symbiotic
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association betweea fungus . aphthosa), a green algaGoccomyxa sp.), and a Mixing
cyanobacteriumNostoc sp.) confined to a specific structure called cephaladiach may
contribute toas much a87% of potentiaBNF in borealforest habitain Sweden(Gavazov
et al., 2010; Rousket al., 2015) Since only the gene fdvlo-Nase andv-Nase has been
found inNostocof Peltigera lichens to date (Hodkinsoet al., 2014), and that unlike V, Fe
has a broad role\in metabolism, we restricted our study to Mo- axals¥-

We"hypothesized that the recently observed accumulation of YP.iaphthosa
cephalodia(Darnajouxet al., 2014)is widely distributed in the bore&iome To test this
hypothesis_weperformed a discriminant analysis on theetal contentof P. aphthosa
samples collectenh several sitesvithin the boreal biomeConsidering the reported limitation
of BNF by"Mo and the known regulation of alternativasis by Mo in many bacteria we
also hypothesized thaMo availability to cyanolichens is a critical environmental factor
modulating V acquisition and use for BNF in cyanolichditgs hypothesis was tested on a
fire chronosequence in Sweden. Since, aerial depositions (e.g. particles, cawpy fl
through) are the main sources of metals (e.g. V and Mighens(Darnajouxet al., 2015;
Markset al 4:2015) we postulated that along vegetative succession the amount of Mo and V
as well as'the relative MoV ratio might significantly vary due tdifferentcanopy opmess
and vegetation composition. A fire chronosequence might phogide samples growing
under similar.elimatic and geological conditions but with contrasted Mo and V ergdsur
addition, BNF was shown to increase with stand(@aekrissoret al., 2004)on the selected
fire chrongsequence, offering a unique opportunity to determine whether or not Nase metal
cofactor contents iwephalodia are influenced by stand agmally, we hypothesized that
alternative nitrogenaseare present and actually contribute to BNF Fa aphthosa
cyanolichens. This hypothesis was tested oR. aphthosa samples from the fire
chronosequence using DNA, ISARA and "N analyses.

Our'resultsshow that V is a metal of biological importanceéPtaphthosa throughout
the boreal*biome and provide direct evidence confirming the hypothesis iNaséis
presentandsignificantly contributes to BNF by cyanolichens in boreal forBstritajouxet
al., 2014, Zhangt al., 2016).We alsodemonstrate that Mo availability is a critical factor for
the regulation.of V inside the N fixingymbiontof Peltigera aphthosa. Finally, we discuss to
what extenthe contribution of alternative Nases to BNF may affect the reliability of current

BNF estimates reported in the literature.

Materials and Methods
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Samping

Specimens oPeltigera aphthosa (L.) Willd. s.I., were collectedn Alberta (Wood Buffalo
National Park, August 2013 = 6) andfrom a 369-yr-old fire chronosequence Sweden
(September 2013 = 16, detailson the fire chronosequence can be foundZiackrissonet
al., 2004: Data from sampls in northern Qebec, Alaska (Fairbanks) Russia(Stolby
Reserve, Krasnoyarslignd Fjord du SaguenaydS SouthQuébec) it = 27, 5, 6 and 9
respectively Darnajouxet al., 2014)were also used ithe statistical analysesAdditional
samples ($34S6, individual thall) were collectedor ISARA experiment in August 2014 in
four sites along the Swedish fire chronosequéBdel115 yr, S2 282 yr, S3 304 yr, S4-S6,
369 yn. Allthalliwere manually cleanefitom foreign materials €.g.bryophytes and leaves)
with forceps /@and then kept dry in opaque paper bags at room temperature until further

processing.

Thalluspreparation and elemental analysis

Lichens were washed to remove metals present at the surface of the (hatkzecific
absorption.sites'and particles). Algae and cephalodia were sepaoatethe thallus ofP.
aphthosa s. "and demental contentsfor unwashed thallus, washed thallus, algae and
cephalodia wereeterminedoy inductively coupled plasma mass spectrometry (M3 as
describedin_Darnajouxet al. (2014) Metal contents are reporteither mol* phosphorus

(MOlmeta MOlp ) 0r g of thallushiomass(gmetal Ginaiius )

8N expefiments

MilliQ -washed ground lichen thalli were analyzed for their 8*°N at the ‘Laboratoire
d’analyses_des isotopes stables et Iégar&GEOTORUQAM. Data are expressed as %o Vs
air (£ 0.2%ofor 10).

Isotopicacetylene reduction assay

Acetyleneswas® produced by reacting Ga@cros Organic,NJ, USA) with water and
collecting.the resulting gas in a Tedlar b&gmplesrom Sweder(S1-S6), collected in 2014

2 months befaranalysiswere sprayed with deionised water, then left to accliraai®°C in
an incubator I6fors HT multitron pro), with 12h : 12 h, light: dark cycle for at least5 d,
with regular spraying (ever® d) to maintainoptimal humidity. Samples were then incubated
in 250 ml Masonjars, with 10% headspace removed aegplacel with acetylene Lichens
were left for1-6 d under12 h : 12 h, light : dark at 10°C, with regular samplingf the
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headspaceEthylene production and background concentration of ethylene in each acetylene
batch was determined by gas chromatography as descrikkzhmet al. (2013). Linearity
wasconfirmedup to 90 h in all sampleall gas samples were thesent for ISARAanalyses
at Princeton Universitffor more information on the method, see Zhahg. (2016).
Resultsrare presented the '°C fractionation of the reduction of acetylene to ethylene
(¢ ar (%) = 3*Cacerylened “Cemylene at low ethylene vyield). The fraction of alternative
fixation in"acetylene reduction ams (ARA) was determined assuming a linear model
from ¢ armo and*% ar v, andthe rcentage of alternative BN#etivity wascalculated as
fraction of alternative fixation in ARA corrected wi@pH, : N2 R values (R, =3, Ry = 1).
Calculation,detail€an befound in Sugporting Information MethodsS1 and in Zhanget al.
(2016).

DNA extractions.and PCRglifications

DNA was extracted from dissected cephalodia of sampleS&adsing the QuickExtract
Plant DNA Extraction Solution (Epicentre, Madison WI, USA), according to the
manufacturer'ssinstructions (65°C for 6 min, 98°C for 2 min, chill at 4°C). Dit&acts
were diluted .25 in nucleasdree water in order to avoid PCR inhibition. Degenevat®

PCR primers were designed to correspond roughly to the region amplified by Beéeager
(2014) with_bases adapted Mostoc vnfD sequences from Hodlgonet al. (2014). Primer
sequences were as follows: FTYA ACA TGG GGT GGA TGA3,R: 5-CCATTG TGG

TAG CCA.TG3. PCR reaction®f 25 ul were conducted using 2U Expand High Fidelity
DNA Polymerase (Roche Applied Science, Indianapolis IN, UB&)reaction, 200uM
dNTPs, 500 nM forward and reverse primer @y of DNA templateper reaction. PCR
conditions for _all reactions were: 94°C for 2 min, followed by 38 cycles of 94°C for 15 s,
50°C for 30 s, and 72°C for 2 min, wifimal elongation at 72°Gor 7 min. PCR products
were gel purified using the QlAquick gel extraction kit, (Qiagen, Valencia CA, Ugajel

into the TOPO:4.0 vector (Invitrogen, Life Technologies, Grand Island, NY, USA), and
cloned inte==OneShot TOP10 (Invitrogen, Life Techngi®s) chemically competent
Escherichiascoli. Plasmid DNA was purified with the QlAprep Miniprep kit (Qiagemd
unidirectional.Sanger DNA sequencing was conducted at Macrogen (Macrogen USA, New
York, NY, USA) using the M13F47) primer: 5CGC CAG GGT TTTCCC AGT CAC
GAC-3'. Eight and fivevnfD sequences were analyzed frapecimes collected atS1
(GenBank accession numb&x502814)and S4(GenBank accession numb&X502813)
respectively.
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Statistical analyss

Data for regressioand multivariatediscriminate analyss were log transformed in order to
avoid spurious correlation or chievenormality. Canonicaldiscriminant analysisGDA)
was performedising R software versioB.1.2 (Rstudio 0.98.5Q0packagd-actoMineR 1.24,
Candisc 0.6, and Nortest 12, R Development Core Team, 2008)l regressios were
performed with R using linear model(Im and dm, Stat 3.1.2, with selection of variabte
based onthe significance of regression ANOVA (function Anova, Ca22.@nd on the
minimization of the Akaikeinformation crterion (AIC). All residualswere tested for
normality. ‘Eigures were drawn usimgther R or Sigmaplot 11.2.0.5ystat Softwareand

were edited using Inkscape version 0.48.4.

Results

Discriminant analysis othe metal contergin the symbiotic partners d?eltigera aphthosa
across all sampling sites

To evaluate the biologicatelevanceof V for boreal cyanolichensthat is P. aphthosa
(Darnajouxet al, 2014) at a broad scaleve performed aliscriminant analysi®n metal
contents of*63_specimens Bf aphthosa s.l. collected in boreal forests in pristine areas
(northernsAlberta and Québec), low contamination area (Sweden) and higher contamination
areas (Alaska and Russia) (Fig. S1). Metal contents werezadaily fourdifferent ways
unwashed thallus, washebatlus, algal layer andephalodium.The discriminant analysis

was able to~eerrectly separate all compartments (error ratd, Oledle S1).The first
canonicalaxismostly separates unwashed thalli from cephalodia, while the second canonical
axis separates the algal layer frawerything els€Fig. 1) The washed thallus group have a
central ‘position”in the canonical score platrows indicateloading of variableson the
canonical “axes; the longer an arrow toward a group, the higher its participation to
discriminate this group from others. The analysis identifiethganeseMn), zinc (Zn) and

lead Pb) as diseriminantsfor unwashed thallus; magnesiuiMd) and titanium (Ti) as
discriminant for algae; and Fe, Mo, ¥hromium (Cr), copper Cu) and cobalt Co) as
discriminant for' cephalodia (Figl). Similar results wereobtained for samples from

contaminated and uncontaminatgtds were condered (compare Fig. 1a and b).
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Relationship between atmospheric deposition and Mo and V contents in diepkalodia
across pristine and low metal contamination sites

In order to evaluate the impact of atmospheric deposition on metal contents in thediaphal

we analyzed Mo and V contents in unwashed thallig@etaGinaius ) and cephalodia (in
MoOlmetas MOIE)HIN samples collected in pristine and low metal contamination sites5g).

Metal contentsin unwashed thalli are assumed to be closely correlated to atmospheric
deposition” fluxes(Darnajoux et al., 2015) Samples from Alaska and Russia were not
considered since they are characterized by higher metal deposition that can interfere with
natural metal management (homeosta$ig).S1).As shown inFig. 2(a) Mo cellular quotas

in cephalodia are positively correlated to Mo exposuresMo content in unwashed thalk

< 0.00% details about regression analyses can be found in Bi#ldn contrast to Mo, V
cellular quotas‘in cephalodia are relatively constaiall samples and are not correlated to V
exposure (Fig. 2h)a clear indication that V contemt cephalodia, the site ™ fixation, is

tightly regulated Further analysis of the data revealed that Mo and V cellular quotas are
correlated'in cephalodidig. 2c;quadratic correlatior’? = 0.003; Table S1), with Mo and V
being positively? correlated untMo concentrations reach—2 x 10* moly, molp™, and

negatively eorrelated afterward

Mo and V content irPeltigera aphthosa samples collected along a fire chronosequence in
Sweden

We analged Mo and V contentdn unwashed thallus, washed thallus, algal layer and
cephalodim of P. aphthosa samples collectedt five sites along a fire chronosequenEey(

3). In unwashed and washed thaMo is present dbwer concentrations than Wlo and V
covaryacross _sitegFig. 3a,b) with higher concentrations at Reivo, Tjadnes and Vaksliden
(50, 282 andB04 yi thanat Guorbaive and Ruttjehed€h85 and 369 yr). Ithealga layer,

Mo and Vhavesimilar concentratiosranddo not varysignificantly acrosssites Fig. 3¢). In

the cephalodia;’V and Mo concentrat®are in the same order of concentratioum are
clearly anticorrelatedFig. 3d).Further analysis of the data revealed that V concentration is
positively.eorrelatedvith Mo concentration in unwasel thallus but is negatively correlated

to Mo concentration in cephalodia (Fig. JableS2).

ISARA measurement dReltigera aphthosa samples from Sweden
We used ISARA to determine the contribution\6iNase toBNF on freshly collected.
aphthosa s.l. samples from northern Sweden<{S&) characterized by low to moderate metal
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depositions (Fig. Sla). Results show that four of thePsl¥igera samples testetave a
lower % ar value than what cabe expected for Monly Nase activity (Figda). Estimated
percentage of alternative BNMéthods S1) show that alternative Nases contribute to BNF
(meant SD: 35+ 12%, range20-60%) in all samples Fig. 4b; see laterTable 2). The
presencer ofvnfD genes was confirmed in sampl&l (GenBank accession number
KX502814) and S4 (GenBank accession number KX502813BLASTN searches to
GenBank "(April 2015) showed highest identity to sequences frcmens deposited by
(Hodkinsonet al., 2014) éccessions: KF662359, KF662360, KF662361, KF662362).

Characterization o3"°N in Peltigera aphthosa samplesrom Sweden

We determinegd'th&"N for 14 of the 16 thalli of P. aphthosa from Fig. 3 (Fig. 5). Thes™N
averaged valueanged from0.8 to 1.7%o(individual rangedfrom -1.4 to 3.2%o) with the
highestaveragedvalue measured ifjadnesand the lowestveragedvalue measured in
Guorbaive (individuakxtremesare found in RuttjehederfReivo, Vaksliden an&uttjeheden
achieved intermediate valudSig. 5a). The comparison of the 5*°N and the V concentration
in the cephaledia showed a negative correlation between these two daf@igebb) with

lower "N 'eorresponding to higher P ratios in theephalodia.

Discussion

Occurrence of V irPeltigera aphthosa cephalodia

Discriminant analysis performed dh aphthosa s.I. collectedalong a natural gradient of
metal deposition (Alberta, Quebec, Sweden, Alaska and Russi&I&yidentified Fe, Mo

and Vas discriminators for cephalodjgig. 1). This is consistent with Nases being important
Fe and Ma_reservoirs in Nfixers (Kustka et al., 2003; Bellengeet al., 2011) This also
suggestshatthe presence of V in cyanolichen cephalodia is widely distributed in the boreal

biome from pristine to contaminated areas

Mo and V aceumulation iReltigera aphthosa cephalodia as a function of deposition
Considering“that atmospheric deposition is an important source of metahémdjcwe
evaluated whether or not the presence of Mo and V in cephalodia gedtembspheric
deposition.The strong correlation betweéfo concentrations in cephalodaad atmospheric
Mo deposition (Fig.2a), in pristine and low metal contamination sites, suggtss Mo
depositionprimarily controls Mo availability to cemiodia. In contrast to Mo, V cellular

guotas in cephalodia are not correlated with V deposittog. 2b; Table S2). Instead, V
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cellular quotas in cephalodia in all samples are kept at a fairly constant level1@'@ 0.3
moly molx™), which is close to the optimum V cellular quotas :(¥) required to sustain
diazotrophic growth through Wase in cyanobacter{@-5 x 10" moly mols™, Darnajouxet

al., 2014) This suggesta tight regulation of V content in cephalodia independent of V
exposurejpossibly related to BNFThe correlation betweeN and Mo cellular quotasn
cephalodigquadratic correlation? = 0.003; Table ) suggestghat Mo availability might
control V acctimtlation in cephalodigor Mo cellular quotasNlo : P)lower than £2 x 10*
moly, molp, Mo and V are positively correlateth the cephalodia reflecting tine
correlation in metal expase (Fig.S1h. This trend is observed primarily amotige samples
collected inthe pristine areaof Québec and Alberta. We hypothesize that metal deposition in
these siteg’is'slow that cyantichens useboth Mo andV to sustain BNF. FoMo cellular
quotasin céphalodia higher thaa—2 x 10 moly, mols™, Mo and V are negatively
correlated, suggestinpat Mo availability regulates, or at least impact, V accumulation in
cephalodia,

Role of Mo.en.\/'accumulation iReltigera aphthosa cephalodia

In order to.further investigate the role of Mo availability on V accumulation in cephalodia,
we focused onP. aphthosa s.I. samples collected along a fire chronosequence in Sweden.
Samples colleted along this fire chronosequence show a range of Mo and V deposition as
illustrated by the unwashed and washedlli data (Fig.3a,b). Contrary to ourinitial
hypothesis, Mo and \¢oncentratios in the thalli do not show systematic variations with
stand age. Variation in Mo and V exposapmpeas to besite specific. The covariation of Mo

and V concentration in unwashed thalli suggest common sources faviba@hd Vall along

the chronosequencdhe higher abundance of V compareith Mo in unwashed thalli
reflects the relative abundance of Mo and V in the environnMatcontent in cephalodia
followed, the same trend as metal deposition, confirming that Mo deposition strongly
influence Mo availability to cephalod{@ompareFig. 3aandd). However, V cellular quotas

in cephalodia=do nateflect V deposition. Instead, V cellular quotas in cephalodia follow an
opposite_trend when comparedth Mo, and are low when Mo deposition and Mo in the
cephalodia“isshighHig. 3d). Data from the fire adlwnosequence (local metal gradieatg
consistent with datfrom metal surveys across pristine and contaminated @édege scale
metal gradient)and furthersupport our hypothesis that V accumulation in cephalodia is

primarily controlled byMo abundance in cephalodi&ig. 3e; Table ) rather than V
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deposition.This regulation of V by Mo is not observed in the algal symbi@fig. 3c)
suggesting that is related to BNFn the cephalodia.

Our datasuggesthatthe presence of in P. aphthosa’s cephalodia is ubiquitous in
the boreal biomand that Mo availability is an important factor controlling V accumulation.
This is consistent with the hypothesis that alternative Nases can sBp{#orh Mo limited
ecosystenisThe presence of in the cephalodiéminimumc. 4.10° moly mols™) even when
Mo is abundantsuggestghatV can play a role in BNF even when Mo is tiatiting. The
effect of stemperature comes to mind since experiments on purified enzymes have
demonstrated that the-Nase is less affected lbgw temperature thathe Mo-Nase(Miller &
Eady, 1988)In_addition, & low temperature (<TL) the expressiorof V-Nase genes no
longer repressedy Mo (Walmsley & Kennedy, 1991). Thus, the low temperature in boreal
ecosystemss likely to favor alternative Nasesnd mightexplainin partthe occurrence of V

in cephalodia, even at high Mo content.

Contributionof dternative nitrogenasde BNF byPeltigera aphthosa s.!.
The presence.of V in cephalodia and its strong correlation with Mo availability ugge
active contribution of this alternative Nase to BNF Ryaphthosa. Snce Mo availability
significantly impacs$ VV acquisition, wefurther evaluated whether or not Mo/ abundances
in cephalodia«(Fig. 3deflectsthe contribution of alternative Nases to BNF in the figdthg
8'°N datg which provide an integrated view of the various N sources over the lifetime of the
lichen. As_reported byZhanget al. (20149, N fractionation can be used to evaluate the
contribution of alternative Nases (5'°N c. -6 to 8%o[Author, please confirm amended text
‘to’ is corréct]) v§ Mo Nase (8"°N c. -2%o) in organic matter

Variations in 6N in P. aphthosa s.I. from the fire chronosequence site Sweden
are consistent with metal content measured in the cephaligia5g. 8N significantly
decreases when V concentration in the cephalodia incrdage$§; P = 0.023 Table &),
which is inmaeeordanceith a higher contributiomf alternative Nase® BNF. While these
data haveste=be interpreted with cantias other factors such a¥ deposition could also
contribute toariations in the 8'°N datg theysuggest that alternative Nases might contribute
to a greater extent to BNF in Mo limited sites.

The presence ofvnfD genes in samples from the Swedish chronosequence was
establishedn two of thesix sample tested (S1 and S4), corroborating previous publication
on the presence of alternative Nases in cyanolichens from the Bétigera (Hodkinsonet

al., 2014). In addition, ISARA data collected on a subset of lichen samples from the Swedish
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chronosequence showed that alternative Nases contribute significaBiNFtgmean + SD:
35 £ 12%, range 2®0%) in lab incubations at low temperature (10°C) (Fig. 4).

ISARA results and 5°N data are consistent and suggest that alternative Nases are not
only active in shorterm latoratory experiments (ISARA data) buare also likely to
contribute to=BNF by these cyanolicheirs the field (6'°N data) especially in site
characterizé by low Mo availability and low temperaturesConsidering that most
cyanolichens are physiologically active during cold periofighe year(MacFarlane &
Kershaw, 4977; Muiet al., 1997) further research is required to fully characterize the effect
of temperature. on the relative contribution of alternative Nases to BNF by boreal
cyanolichens in/Mo rich and Mo poor ecosystems.

Reevaluation of BNestimates
Our results along with othes (Zhanget al., 2016) imply that alternative Nases contribute to
BNF in several boreal forested ecosystenwghich could significantly change our
understanding of the metal requirements of, and enzymes involyBik These findings
alsoraisequestiongegarding the reliability of current BNF estimates. The canonical method
used to assess/BNF in field samplbst is ARA (Hardyet al., 1968) requires the use of a
conversionratio (ARA : Ny) in order to convert ARA data into BNF (N inputs). This ratio
can be affected by many factors, such as growth conditions, but primarily by the type of Nase
inuse ARA-N;=3:1, 1-2 1 and <1 1for the Ma, V- and Feonly Nasesrespectively
(Bellengeret al., 2014) However, becauséé calibration of ARA data b{’N incorporation
experimentsis problematic for many environmental sampleghe theoreticalMo-Nase
conversion ratio of ARA N, = 3, isoften assumedA surveyof >40 reports on BNF by
cryptogamic coversvhichcould possiblyaccount for nearly half @NF on unmanaged land
(Elbertet al., 2012) highlights thatARA : >N conversion ratios ereeffectively measured in
less than'half 'of the studie@ables 1, S3. Another potential biaxomes from the
experimental*determination of ARAN ratios Due tolow BNF activity, **N incorporation
data are oftensacquired under laboratory conditionsatteapoorly representative of the field
(i.e. increased temperature, €é8nd humidity, Table §. Recent reports on the presence of
easily absofbed. forms &N in commercia®™N, gas stock§Dabundoet al., 2014), further
emphasize the importanoéinterpreing past reports on BNF with great caution.
Interestingly, studies that performed both ARA amd incubations in the field on the
same samples reveal that soil, lichens and mossm®plesoften yield intermediateratios

indicating simultaneoubl fixation by the Mo-Nase and alternative Nas@Menge & Hedin,
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2009; Bellengeset al., 2014; Vileet al., 2014. Thus, current BNF estimatdikely include
large errorsand the magnitude of these errors remains to be fully determined. However, the
assumption of the predominance of Mase, without the proper validations, could result in a
significant underestimation of N inputsl§—46%, Table 2). Considering that alternative
Nases haverbeen virtually found everywhere in terrestrial ecosystems, with ¢ipticexof
symbiotic @associations with higher plantsjs urgent to better characterize the enatic
diversity of BNFin"various compartments of the boreal forest and other ecosysterderi

to reevaluate BNF estimate®ne crucial step ito deploy more rigorous protocols allowing
scientists to, properly convert field measurements of Nasestpétito N input estimateby
implementing, for instance, new methods and tools allowieger evalwtions of the
contributioff of alternative Nases to BNgu¢h adSARA andd™N).

Conclusions

Our dataconfirm thatalternative Naseare not onlypresentin boreal cyanolichens but they

are also active andlikely contribute to BNFoy cyanolichens throughout the boreal biome
While Mo .availability and temperature seem to be important factmmtrolling Nase
activity, significant work remains to be done to fully understand the conditions under which
alternative Nases cometo play. It is alsocrucial to develop and implementethods, such

as acombination’ of ARAJSARA, ands™N to measure BNRnd the relative contributions of

the Mo and alternativélases in field samplesA better characterization of Nasetivity,
including alternative Nases, in bordatess and otheecosystemawill significantly improve

our understanding of the role of micronutrients on ecosystem function, improve our estimates

of BNF and may helglarify N budgets.
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Fig. S1Unwashed thallus and cephalodia content for V and Mo.
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Table S1Discrimination of lichen compartment with respect to metals

Table 2 Regression parameters for linear regressidfiga2, 3Je) and 5(b)

Table S3 Literature survey of BNF estimation and measurement conditions for aleitr
fixing species in various ecosystems around the world

Methods*S1Contribution of alternative nitrogenase to acetylene reduction angl to N

fixation.

Please note: Wiley Blackwell are not responsible for the content or foalityoof any
supporting_information supplied by the authors. Any queries (other than missing material)
should be'directedttheNew Phytologist Central Office.

Fig. 1 Metals in trimembered licherPeltigera aphthosa s.l. Canonical(Can) discriminant
analysisof all thalli of P. aphthosa s.I. (0 = 63) with regard to compartments in (a) all
samplesand(b) nonheavilycontaminated boreal sites (Alberta, North Québec and Sweden)
(see Suporting InformationFig. Sk). UWT, unwashed tha (black triangles); WT, oxalate
EDTA washed.thallibrown circles); ALG, dgae (green cross; CEP, Cephalodia (blue
plus symbol). All data imol e Mol were logtransformedeforethe analysis. Data from
Fjord du Saguenay (South Québec) were not included as alga data were not available.

Fig. 2 Linear regression ofmolybdenum o) andvanadium Y) in cephalodia (CEP) of
Peltigera aphthosa s.l. thalli from nonheavily contaminated boreal si{®rthern Alberta,
Québec and Swedenill data were logtransformed dxes are in log scalg to achieve
normality of residues and to avoid spurious correlat{@p) Mo : phosphorusK) (molwvo
mols™) in cephalodia as a function of Mo exposuremo Ginaius-), (b) V: P (moly mols™) in
cephalodia.as a function of V exposupgy Gimaius_), (¢) V : P (moly mols™) in cephalodia
as a function.of Mo:Pnfolye mols™) in cephalodian = 58. Dotted lines shov 95%
prediction intervals and dashed lines show 95% confidence intervals.

Fig. 3 Nases metal cofactors in cyanolichens collected along a/136& chronosequence.
Molybdenum - 40) and vanadium ¥) content in (a) unwashed thalli (UWT), (b) washed
thalli (WT), (c) green algae (ALG), and (d) cephalodia (CEP). (e) Linear regression of Mo
phosphorusK) ratio vs V: P ratio in cephalodia (CEP) and unwashed thalli (UMD3ta

were logtransformed to avoid spurious correlation. Error barste®& n = 3, 2, 3, 3, 5 for
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the 50 (Reivo burn, Rvo), 185(Guorbaive, Gbv), 282(Tjadnes, Tjd), 304 (Vaksliden,
Vkd), and 369- (Ruttjeheden, Rjd) yr-old sitesspectively.

Fig. 4 Nases utilization inPeltigera aphthosa s.l. collected in Sweden based @otbpic
AcetyleneReduction Asay (ISARA)analysis.(a) ¢ ar data from pure culture of various
diazotrophs formolybdenum Io)-Nase only (clos@ circles), vanadium Y)-Nase only
(white circles) and fronP. aphthosa s.l. (grey circles, samples -S36). Grey box represest
the rangeof values obtained for NMase (13.214.7%o).Error bars representeztimated +
SE for a singleethylene measuremer(b) Estimated proportions dfiological fixation of
nitrogen (BNF)by alternative Nases fét. aphthosa s.l. (more details on calculatisoan be
found in Zhanget al., 2016 and in Suporting Information Methods S1). Samplesare
individual thalli‘collected along a 369r fire chronosequenc81 (115yr), S2 (282 yr), 3
(304 yr), S4-S6(369 yrError bars have been calc@dtusing error propagation.

Fig. 5 Nitrogen isotopic content ifPeltigera aphthosa s.l. collected along a 36& fire
chronosequeneda) 6"°N of washed thallus (WT); (bjegression(solid line) of 5N in
washed thallus/vsanadium ¥) content in cephalodia (CEP, mgk mols™Y). Data are
averaged for each fire chronosequence site. Error baes$fen = 3, 2, 3, 3, 5 for the 50
(Reivo burn,.Rvo), 185(Guorbaive, Gbv), 282(Tjadnes, Tjd), 304(Vaksliden, Vdk), and
369- (Ruttjeheden, Rjd) yold sites respectiely. Dottedlines show 95% prediction intervals

anddashedines show 95% confidence intervals

Table 1 Summary of literature survey (Sopgrting InformationTable S$) onbiological

nitrogen fixationby cryptogamic cover (Nfixing bacteriaassociated witbryophytes and

lichens)
Acetylene 15 . ) Percentage

No. of . N calibration 15

~ reduction asay of N

studies _ made o

based studies calibration

Arctie 2 1 0 0

Boreal 11 10 6 55
Continenta 6 5 1 17
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Temperate 12 12 6 50

Tropical 7 6 3 43
Dry 7 7 1 14
Total 45 41 17 38

Table 2 Estimation of nitrogene fixatioqu@N gichens™ d™) capacity ofPeltigera aphthosa s.|.
when cosideringmolybdenum o)-only contribution (GH4 : N v, = 3: 1) or estimation

of alternative Nases activity witkotopic acetylene reductiossay(CoHs : N a4 = 1: 1)

. N fixation o
C,H4 reduction N fixation Percentage
Mo-only

Samplemo==" (UMOIC,H 4 Qiichens . ISARA (ugN  error/ISARA
1 -1 (IJQN glichens 1 41 . i

d ) dl) Qlichens d ) estimation
1 1.6 15 22 46
2 3.5 32 40 23
3 3.4 31 41 30
4 1.7 16 18 16
5 2.2 21 26 26
6 2.1 20 27 34

Percentagerrorrepresents the difference between estimates basggHan N ., = 3: 1 and GH,

TN =i I
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