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Abstract 

Uptake hydrogenase (Hup) recycles H 2 formed by nitrogenase during nitrogen fixation, thereby preserving energy. Among root nodule 
bacteria, most rhizobial strains examined are Hup 

−, while only one Hup 

− Frankia inoculum had been identified. Previous analyses 
had led to the identification of two different [NiFe] hydrogenase syntons. We analysed the distribution of different types of [NiFe] 
hydrogenase in the genomes of different Frankia species . Our results show that Frankia strains can contain four different [NiFe] hy- 
drogenase syntons representing groups 1f, 1h, 2a, and 3b according to Søndergaard, Pedersen, and Greening (HydDB: a web tool for 
hydrogenase classification and analysis. Sci Rep 2016;6:34212. https://doi.org/10.1038/sr e p34212.); no mor e than thr ee types wer e found 

in any individual genome. The phylogeny of the structural proteins of groups 1f, 1h, and 2a follows Frankia phylogeny; the phylogeny 
of the accessor y pr oteins does not consistently. An analysis of different [NiF e] h ydrogenase types in Actinomycetia shows that under 
the most parsimonious assumption, all four types were present in the ancestral Frankia strain. Based on Hup activities analysed and 

the losses of syntons in different lineages of genome reduction, we can conclude that groups 1f and 2a are involved in recycling H 2 

formed by nitrogenase while group 1 h and group 3b are not. 

Ke yw ords: root nodules; actinorhiza; Frankia ; nitrogen fixation; uptake hydrogenase 
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Introduction 

The reduction of atmospheric dinitrogen to ammonia during bio- 
logical nitrogen fixation (BNF) via the activity of the metalloen- 
zyme complex nitrogenase represents one of the most impor- 
tant e volutionary innov ations; its e volution pr eceded that of oxy- 
genic photosynthesis. Phylogenetic analyses indicate that BNF 
most pr obabl y e volv ed in an anaer obic thermophilic ancestor of 
hydr ogenotr ophic methanogenic archaea and later diversified via 
lateral gene transfer into anaerobic, and eventually also into aer- 
obic bacteria (Mus et al. 2019 ). Consistent with its origin in an 

anoxic envir onment, nitr ogenase is extr emel y o xygen sensiti ve.
The nitrogenase reaction involves the reductive elimination of 
two [F e–H–F e] bridging hydrides to form H 2 ; i.e. hydr ogen e volu- 
tion is part of the reduction of dinitrogen to ammonia (Khadka 
et al. 2017 ). Since hydrogen evolution represents a loss of energy,
it is not surprising that man y nitr ogen-fixing or ganisms contain 

an uptake hydr ogenase, whic h r ecycles the hydr ogen pr oduced in 

N 2 fixation (Schubert and Evans 1976 ). Hydrogen metabolism is 
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f considerable ecological importance given the prevalence of hy- 
rogen in the environment (Piché-Choquette and Constant 2019 ); 
he activities of H 2 -producing and -consuming microbes shape the
lobal H 2 cycle that is linked to the global cycling of other ele-
ents. Accordingl y, differ ent types of hydrogenase enzymes ex- 

st that fulfil different functions (Vignais et al. 2001 , Vignais and
illaud 2007 ). Søndergaard et al. ( 2016 ) used the amino acid se-
uences to infer an expanded classification scheme predicting bi- 
logical function. 

In any case, the question arises why some nitrogen fixers have
ost their uptake hydrogenase . T his question is of particular im-
ortance for symbiotic nitrogen fixers. Two groups of nitrogen- 
xing soil bacteria can enter intracellular symbioses with plants 
here they fix nitrogen while hosted within plant cells in special
r gans, the r oot nodules: rhizobia (alpha- or beta- Pseudomonadota )
ith legumes and one nonlegume genus, Parasponia , and Acti-
omycetota of the genus Frankia with a group of dicotyledonous
lants from eight different families belonging to three orders,
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agales , Rosales , and Cucurbitales , collectiv el y called actinorhizal
lants (Pawlowski and Bisseling 1996 ). Many symbiotic nitrogen
xers examined can form an uptake hydrogenase (i.e. they are
up 

+ ), and it could be shown that the recycling of H 2 significantly
ncreased the yield in agricultural legumes (Dixon 1972 , Schubert
nd Ev ans 1976 , Albr ec ht et al. 1979 ). Ne v ertheless, among sur-
eyed legume symbioses Hup 

+ symbioses are in the minority (An-
an et al. 2012 ). 

Actinorhizal symbioses are a more complex field. The mi-
rosymbionts , F rankia strains , are very diverse , with genome sizes
 anging fr om 4.3 to 10.5 MB, and can be gr ouped into four phy-
ogenetic clades called clusters, three of whic h ar e symbiotic
nd r epr esent host specificity gr oups; the fourth cluster contains
onsymbiotic strains that cannot fix nitrogen (Normand et al.
996 , Nguy en and Pawlo wski 2017 ). Cluster-1 strains nodulate
ctinorhizal Fagales (cluster-1c strains nodulate Casuarinaceae,
hile other cluster-1 strains nodulate actinorhizal Betulaceae and
yricaceae) except for members of two outlier genera. Cluster-
 strains nodulate most actinorhizal members within the Ros-
les families Elaeagnaceae and Rhamnaceae except for one out-
ier genus, and can nodulate the two outlier genera of the Fagales,
ymnostoma and Morella. Strains of cluster-2, the earliest divergent
ymbiotic cluster of Frankia (Sen et al. 2014 , Gtari et al. 2015 , Pers-
on et al. 2015 ) nodulate all actinorhizal Cucurbitales, actinorhizal
osaceae, and members of the outlier genus of the Rhamnaceae,
eanothus. Cluster-2 strains can be separated in two div er gent lin-
a ges, the continental linea ge whic h encompasses str ains fr om
ainland Eur asia, Ja pan, and North America, and the island lin-

age encompassing strains from the Southern hemisphere, the
hilippines, and Taiw an (Ber ckx et al. 2022 ). A phylogenetic tree
ncluding all Frankia species published up to the end of 2022 is
hown in Fig. S1 . 

An early study examined different actinorhizal plants—Alnus
ubra and Myrica californica (nodulated by cluster-a strains), Pur-
hia tridentata (nodulated by cluster-2), and Elaeagnus angustifo-
ia (nodulated by cluster-3) —and found a RE of nitrogenase be-
ween 0.97 and 0.99, indicating the activity of uptake hydrogenase
Schubert and Evans 1976 ). All actinorhizal nodules induced by
luster-1 strains analysed since then displayed Hup activity (Tjep-
ema et al. 1986 , Winship et al. 1987 , Pesce et al. 2017 ), with one
xception: nodules induced on roots of Alnus incana (Betulaceae
nd Fagales) by the so-called ‘local source’ from Umeå in north-
rn Sweden, an inoculum that could not be cultured (Sellstedt
t al. 1986 , Huss-Danell 1991 ). The ‘local source’ has another un-
sual feature in that here , F rankia can form sporangia within host
lant cells, not just during sa pr otr ophic gr owth. Meanwhile, mor e
rankia strains that sporulate in nodules have been found, par-
icularl y among str ains that nodulate alder (Cotin-Galv an et al.
016 , Schwob et al. 2018 ) but also among some strains that nodu-
ate Myrica sp. or Comptonia sp. (Kashanski and Schwintzer 1987 ),
.e. other host plants of cluster-1 Frankia . So far, no Frankia strains
hat sporulate in nodules could be cultured; sequencing sho w ed
trong genome reduction, which would be consistent with the loss
f sa pr otr ophic potential (4.3–5 MB genome size compared to 7.5–
 MB genome size in other cluster-1a Frankia ; Herr er a-Belar oussi
t al. 2020 , Pozzi et al. 2020 ). 

Frankia strains contain [NiFe] hydrogenases (Mattsson et al.
001 , Richau et al. 2013 ), heterodimeric metalloenzymes consist-
ng of a large subunit of ca. 60 kDa (HupL) and a small subunit
f ca. 30 kDa (HupS). Six matur ation pr oteins (HypA–HypF) ar e
 equir ed for the biosynthesis of the NiFe(CN) 2 CO catalytic clus-
er and its insertion into HupL (Peters et al. 2015 ). HypE and
ypF synthesize the thioc y anate, while the delivery of c y anide to
ron occurs at the HypC–HypD complex. HypA and HypB are in-
olved in acquisition and insertion of Ni 2 + ions into HupL after
he Fe(CN) 2 CO moiety has been added. In the final step, a pep-
ide on the C-terminus of HupL is processed by a maturation en-
opeptidase (HupD), causing a conformational c hange whic h en-
bles enzyme activity. After Frankia genome sequences began to
ecome available in 2007 (Normand et al. 2007 ), it turned out that
enomes of Frankia strains from clusters-1 and 3 contained two
ets of uptake hydrogenase genes with associated genes of mat-
r ation pr oteins, or ganized in syntons-1 and -2 (Leul et al. 2007 ,
009 , Richau et al. 2013 ). Synton-1 was expressed at a higher le v el
n culture, while synton-2 was expressed at higher le v els in nod-
les (Leul et al. 2007 , Richau et al. 2013 ). Proteins encoded by genes
rom synton-1 and synton-2, respectively, sho w ed different phy-
ogenies, which was interpreted to suggest HGT from other soil
ctinobacteria to Frankia (Leul et al. 2009 ). 

Giv en that man y mor e genomes fr om Frankia and other acti-
obacterial str ains hav e been sequenced since 2009, our views on
he uptake hydrogenase gene situation in Frankia strains should
e r eassessed. Mor eov er, the question has to be answ ered ho w
ydrogenase activity was lost in one or more cluster-1a strain(s)
hat sporulate(s) in nodules; which genes/syntons were lost here?
t also has to be considered that so far, only one cluster-3 genome
nd no cluster-2 genomes were analysed with regard to uptake hy-
rogenase syntons (Leul et al. 2007 , 2009 ), and only nodules from
ne host plant of each cluster have been examined for Hup ac-
ivity (Schubert and Evans 1976 ). What is the uptake hydrogenase
ene/synton situation in Frankia strains from cluster-2 which, like
he cluster-1a strains sporulating in nodules, show genome reduc-
ion (5–6 MB; Nguyen and Pawlowski 2017 )? 

Ther efor e, we anal ysed the Hup synton situation and phy-
ogeny of the large and small subunits and several accessory pro-
eins based on r epr esentativ es of all Frankia species described
efore 2023. We also examined hydrogenase activity and tran-
cription in nodules and, if a vailable , cultures for a strain from
rankia cluster-1 ( Frankia alni ACN14a T ; Normand et al. 2007 ), and
or strains from cluster-1 that sporulate in nodules: the type
tr ains Candidatus Fr ankia alpina AiOr and Candidatus Fr ankia
odulisporulans AgTrS T and two r epr esentativ e of the ‘local
ource’, the original inoculum and Ca. F. nodulisporulans UmASH1
Sellstedt et al. 1986 , Pozzi et al. 2020 , Herr er a-Belar oussi et al.
020 ). Additionally, we examined a strain from the continental lin-
age of cluster-2 ( Candidatus Frankia californiensis Dg2; Normand
t al. 2017 ) and a strain from cluster-3, Hr75.2.1 that was isolated
y Andr é Moir oud in 1991 fr om a nodule fr om Hippophae rham-
oides growing in the Isère department in the village of Evrieu,
r ance (Bautista-Guerr er o et al. 2011 ), the genome of whic h was
equenced for this study. Sequence anal ysis [av er a ge nucleotide
dentity (ANI), core genome phylogeny] sho w ed that Hr75.2.1 is a
 epr esentativ e of Frankia soli (Gtari et al. 2020 ; Fig. S2 ). A summary
f all hydrogenase syntons/types and the corresponding genes is
resented in Table 1 . 

xperimental procedures 

lant and bacterial material and growth 

onditions 

eeds of Alnus glutinosa (L.) Gaertn were obtained from Svenska
kogsplantor (Bålsta, Sweden), while seeds of A. incana (L.) Moench
ere obtained from Levinsen (Gørløse, Denmark). Seeds were ger-
inated on coarse-grained sand (1.2–2 mm diameter; Rådasand,

idköping, Sweden) in a greenhouse at a light/dark rhythm of 16 h

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae147#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae147#supplementary-data
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Table 1. All hydrogenase types/syntons analysed in this study. When one gene is missing, it is mentioned by name; when more than one 
gene is missing, the synton is called ‘incomplete’. Not shown, no sequence from this synton is discussed in this manuscript. 

NiFe hydrogenase synton/type 

hupL1 (group 1 h) hupL2 (group 2a) hupL3 (group1f) hupL4 (group 3b) 
Cluster Species, strain hypABCDEFhupDSL a hypABCDEFGhupDSL b hypABCDEFhupCDSL a , c hyhGBhupSLD 

Cluster-1 Frankia alni ACN14a Yes Yes No No 
Frankia canadensis ARgP5 Yes Yes, hypF2 missing Only hypF3 No 
Frankia torreyi CpI1S Yes Yes No Yes 
Frankia torreyi ACN1ag Yes (not shown) Yes (not shown) No Yes 
Frankia nodulisporulans AgTrS No hypF2 incomplete No No 
Frankia nodulisporulans UmASH1 No hypF2 incomplete No No 
Frankia nodulisporulans LS No hypF2 incomplete No No 
Frankia alpina AiOr Incomplete Yes No No 
Frankia casuarinae CcI3 Yes Yes No Yes 
Frankia casuarinae KB5 Yes (not shown) Yes (not shown) No Yes 

Cluster-2 Frankia datiscae Dg1 No Yes No No 
Frankia coriariae BMG5.1 No Yes No No 
Frankia californiensis Dg2 No Yes No No 
Frankia meridionalis Cppng1 No No Yes No 
Frankia sp. CiP3 No No Yes No 

Cluster-3 Frankia elaeagni BMG5.12 Incomplete d h ypF2-h ypD2-h ypE2 Yes Yes 
Frankia discariae BCU110501 Yes, hypF1 missing Only hypF2 Yes No 
Frankia soli NRRL B 16 219 Yes, hypF1 missing Only hypF2 Yes Yes 
Frankia soli Hr75.2.1 Yes, hypF1 missing Only hypF2 Yes (not shown) Yes 
Frankia soli EAN1pec Yes, hypF1 missing Only hypF2 Yes No 
Frankia irregularis DSM45899 y es, h ypF1 missing Only hypF2 Yes No 

Cluster-4 Frankia saprophytica CN3 Yes No No Yes 
Frankia asymbiotica NRRL B 16 386 Yes No No No 
Frankia inefficax EuI1c Yes, hypF1 missing No Only hypF3 No 
Frankia sp. EUN1h Yes (not shown) No No Yes 

a Tw o h ypC1 and h ypC3 copies in cluster-3. 
b Tw o h ypC2 copies in cluster-2. 
c hypB3 and hypF3 missing in cluster-3. 
d h ypD1E1F1, h ypA1B1 missing. 
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light/8 h dark, with 23 ◦C during the light and 20 ◦C during the dark 
phase. After germination, seedlings were transferred to larger pots 
with sand, and after 4 w eeks, plantlets w er e tr ansferr ed to ex- 
perimental pots (13 cm diameter) containing a 1:1 mixture of 
autoclaved sand (1.2–2 mm quartz, Rådasand) and autoclaved 

germination soil (Såjord, Hasselfors, Sweden), and inoculum was 
added. Inocula were for prepared for eight plants each (four A.
glutinosa and four A. incana ): a culture of Frankia alni ACN14a 
gro wn in B AP medium without N sour ce (Benoist et al. 1992 ),
washed twice with sterile milliQ H 2 O, and resuspended in sterile 
milliQ H 2 O; nodules containing Candidatus Frankia nodulisporu- 
lans UmASH1 (Herr er a-Belar oussi et al. 2020 ), nodules containing 
Ca. F. nodulisporulans AgTrS (Herr er a-Belar oussi et al. 2020 ), nod- 
ules containing the original ‘local source’ (Sellstedt 1986 ) or nod- 
ules containing Candidatus F. alpina AiOr (Pozzi et al. 2020 ) crushed 

in 10 ml sterile milliQ H 2 O per sample, r espectiv el y. The nod- 
ules r epr esenting the inocula for UmASH1, AgTrS, ‘local source’ 
and AiOr had been formed on greenhouse plants grown on auto- 
claved sand inoculated with surface-sterilized crushed nodules, 
and ther efor e wer e used without a ne w r ound of surface ster- 
ilization. Plants w ere w atered with deionized H 2 O on alternate 
days and with one-fourth strength Hoagland’s medium (Hoagland 

and Arnon 1938 ) e v ery 2 weeks. Before inoculation, one-fourth 

str ength Hoa gland’s with 10 mM KNO 3 was used; after inocula- 
tion, one-fourth str ength Hoa gland’s with 1 mM KNO 3 was used.
Nodules wer e harv ested for RNA isolation 6 months after inocula- 
tion; whole root systems were used for acetylene reduction assays 
ARA) and H 2 evolution measurements ca. 23 weeks after infec-
ion, in case of ‘local source’ inoculum ca. 9 months after infec-
ion. 

Datisca glomerata (C. Presl) Baill. seeds originating from plants 
rowing at Gates Canyon in Vaca ville , C A, USA, had been prop-
gated in the greenhouse since 1997. Seeds were germinated on
and and tr ansferr ed to a 1/1 (v/v) mixture of sand and germi-
ation soil (Såjord) after 3–6 weeks. Plants were nodulated with
he Dg2 inoculum (Nguyen et al. 2016 ) 3 months after germina-
ion. Before inoculation, plants were watered with deionized H 2 O
n alternate days and with one-fourth Hoagland’s medium with 

0 mM KNO 3 , after inoculation with the same medium but with
 mM KNO 3 e v ery 2 weeks. Temper atur e and light conditions wer e
s described for alders. Plants were used for uptake hydrogenase
ssays 13 months after inoculation in August 2021. Nodules for
N A isolation w er e collected fr om D. glomerata plants inoculated
ith Dg2 6 months after inoculation; ARA and hydrogen evolution
er e measur ed ca. 9 months after inoculation. 
Seeds of H. rhamnoides L. were obtained from Saflax ( www.

aflax.de ), surface-sterilized with 3% sodium hypochlorite and 

.01% Tween 20 for 20 min, washed extensiv el y with autoclaved
illiQ H 2 O, and k e pt in autoclaved milliQ H 2 O at 4 ◦C for 3 da ys .

hen, they w ere so wn onto moistened filter paper in Petri dishes
ov er ed with aluminium foil. Three weeks later, seedlings were
r ansferr ed to small pots containing a mix of sterilized gr av el and
and; 50% of the plants were inoculated with Frankia sp. Hr75.2.1
rown in PUM medium without nitrogen (Mattsson and Sellstedt 

http://www.saflax.de
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000 ) and washed twice with sterile milliQ H 2 O, while 50% were
ere left uninoculated. The plants were grown at 18 h light/6 h
ark with 22 ◦C during the light and 18 ◦C during the dark phase,
nd 60% humidity. They w ere w atered with Evan’s medium with
 mM NH 4 NO 3 once per week for 4 weeks, and afterwards with
van’s medium without nitrogen once per week (Evans et al. 1972 ),
therwise with tap w ater. Nodules w er e harv ested for RNA iso-
ation ca. 6 months after inoculation; ARA and hydrogen evolu-
ion measur ements wer e performed ca. 1 year after inoculation.
n each case, temperatures were maintained through the entire
rowth period and during ARA and hydr ogen e volution measur e-
ents as temper atur e affects the RE of ntr ogenase (Walsh and

ayzell 1986 ). 

N A isola tion and re verse 

r anscription-quantita ti v e pol ymer ase chain 

eaction 

N A w as isolated from cultures and nodules as described by
guyen et al. ( 2019 ) and Berckx et al. ( 2020 ). Re v erse tr anscription-
uantitativ e pol ymer ase c hain r eaction (R T-qPCR) w as performed
s described by Zdyb et al. ( 2018 ). InfC (encoding the translation
nitiation factor IF-3) was used as r efer ence gene (Alloisio et al.
010 ). Primers used in this study are listed in Table S1 . Statistical
 v aluation was performed in RStudio (RStudio Team 2022 ) using
ne-way ANOVA with post hoc Tuk e y HSD test. 

nalysis of hypF2 in Ca. Frankia nodulisporulans 

gTrS, UmASH1, and ‘local source’ 
n order to find out whether the a ppear ance of a broken hypF2
ene (one operon ending with a 3 ′ -truncated version, another
peron beginning with a 5 ′ -truncated version) was an assembly
rror, DN A w as isolated from nodules induced by AgTrS, UmASH1,
nd the ‘local source’ on A. glutinosa as described by Berckx et al.
 2022 ). Pol ymer ase Chain Reaction (PCR) was performed for hypF2
sing Dr eamTaq DNA Pol ymer ase (Thermo Fisher) and three dif-

erent primer pairs from the 5 ′ and 3 ′ part ( Table S1 ) with the pro-
ram 95 ◦C 5 min; 35 cycles of 95 ◦C 30 s, 63 ◦C or 64 ◦C 30 s, 72 ◦C
 min; and 72 ◦C 10 min. To further c hec k the completeness of the
ypF2 gene , the ra w assembly data in 

∗.ace format were imported
nto Consed (Gordon et al. 1998 ). The region encoding hypF2 was
dentified and manually inspected. 

r75.2.1 and ‘local source’ genome sequencing 

nd assembly 

N A w as isolated from a Hr75.2.1 culture grown in basic alka-
ine propionate (BAP) liquid medium without nitrogen (Benoist
t al. 1992 ) according to Nguyen et al. ( 2019 ). DNA was used for
ext generation sequencing (NGS) using Illumina technology. Raw
equencing data of 1.11 GB in size was obtained and used for
enome assembly. The assembled genome was then annotated
n the MaGe genomic Platform ( https://mage .genoscope .cns .fr/
icroscope/ home/ index.php ). Genome data were deposited at
enBank, BioProject PRJEB60167. The genome of Hr75.2.1 is
.269 105 MB in size with 71.59% GC. 

For sequencing the genome of the original ‘local source’
rom Umeå (Sweden), a re presentati ve of Candidatus Frankia
odulisporulans (Herr er a-Belar oussi et al. 2020 ), nodules of the
riginal inoculum, (Sellstedt et al. 1986 ) were used which had been
tored at −80 ◦C. DN A w as isolated and sequenced as described
 y Ber ckx et al. ( 2022 ). Genome data w ere deposited at NCBI,
ccession numbers C AWVPV010000001–C AWVPV010000515. T he
enome of the ‘local source’ (LS) is 4.238 073 MB in size with
1.68% GC. 

rganism phylogeny and ANI 
NI comparisons were performed in order to determine which
pecies the H. rhamnoides -nodulating strain Hr75.2.1 belonged to,
sing the usually applied ANI threshold range of 95% for species
elineation (Goris et al. 2007 ), the EDGAR platform (Blom et al.
009 , 2016 ) and the type strains of all Frankia species available thus
ar. On the same platform, a core genome phylogenetic tree was
nferred using the FastTree software ( http://www.microbesonline.
r g/fasttr ee/; Price et al. 2009 , 2010 ). 

rotein phylogeny 

yp and Hup trees were constructed as described previously
ith some modifications (Wibberg et al. 2020 ). Briefly, multiple
lignments were generated for all selected protein sequences us-
ng MUSCLE (Edgar 2004 ). All amino acid alignments were sub-
ected to automatic elimination of poorly aligned positions using
he Castresana Lab Gblocks standalone application with default
ar ameters (v ersion 0.91b; Castr esana 2000 ); the ‘with-hal’ ga p
r eatment was a pplied and the minim um bloc k length was set
o 5 (Talav er a and Castr esana 2007 ). Phylogenetic tr ees based on
urated alignments using the maximum likelihood method with
000 bootstr a p r esampling wer e calculated using MEGA v ersion
1 (Tam ur a et al. 2021 ). 

ydr ogenase oper on analysis 

 rankia [NiF e] hydrogenase genes were identified via Blast
earches on NCBI and JGI ( https://img.jgi.doe .go v/cgi-bin/w/main.
gi ). Plots of the hydrogenase regions were created by a modified
n-house script as described before (Eikmeyer et al. 2012 ). 

6S profiles 

N A w as isolated from nodules induced by UmASH1 and the
riginal ‘local source’ inoculum, r espectiv el y, on A. glutinosa as
escribed b y Ber ckx et al. ( 2022 ). DN A quality w as assessed b y
el electr ophor esis and photometricall y using a NanoDrop ®
D-2000c UV–Vis spectr ophotometer (NanoDr op Tec hnologies).
he V3–V4 region of the 16 s rRNA gene was amplified using
arcoded versions of the universal primer set 341F (5 ′ -CCT
YG GGR BGC ASC AG-3 ′ ) and 806R (5 ′ -GGA CTA CNN GGG
 A T CT A A T-3 ′ ). Amplicon quality was assessed by a gar ose gel
lectr ophor esis prior to library preparation. Library quality was
ontrolled using a Qubit 2.0 Fluorometer (Thermo Fisher Sci-
ntific) and an Agilent Bioanalyzer 2100 system. Libraries were
equenced on an Illumina NovaSeq 6000 platform employing
50 bp pair ed-end r eads at Novogene Europe (Cambridge, UK).
rocessing of raw data entailed: data split (paired-end reads
as assigned to samples based on their unique barcode and

runcated by cutting off the barcode and primer sequence),
equence assembl y [pair ed-end r eads wer e mer ged using FLASH
V1.2. 1 1; http:// ccb.jhu.edu/ software/ FLASH/ ) (Mago ̌c and
alzberg 2011 ), a highly efficient tool designed to merge paired-
nd reads by utilizing the overlap between reads generated
rom opposite ends of the same DNA fragment; this process
esults in the creation of sequences known as raw tags; data
ltration [quality filtering on the r aw ta gs wer e performed us-

ng the fastp (Version 0.23.1) software to obtain high-quality
lean Ta gs (Bokulic h et al. 2013 )]; c himer a r emov al [the ta gs
er e compar ed with the r efer ence database [Silv a database

16S/18S), https:// www.arb-silva.de/ ; Unite Database (ITS),

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae147#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae147#supplementary-data
https://mage.genoscope.cns.fr/microscope/home/index.php
http://www.microbesonline.org/fasttree/;
https://img.jgi.doe.gov/cgi-bin/w/main.cgi
http://ccb.jhu.edu/software/FLASH/
https://www.arb-silva.de/;
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https:// unite.ut.ee/ ] to detect c himer a sequences, and the ef- 
fectiv e ta gs wer e obtained by r emoving the c himer a sequences 
with the vsearch package (V2.16.0, https:// github.com/ torognes/ 
vsearch ] (Edgar et al. 2011 ). 

Distribution of hydrogenase types in the class 

Actinomycetia 

The hidden Markov model (HMM) of HupL was identified using the 
HupL1 sequence from F. alni ACN14a (CAJ61042.1) for a search on 

www.unipr ot.or g/blast . The r aw HMM was downloaded from http: 
// pfam.xfam.org/ family/ PF00374 . In order to run an hmmsearch 

of PF00374 with HMMER (Ed d y 2011 ), a database was created out 
of the amino acid fasta files of the PROKKA (version 1.14.6; See- 
man 2014 ) annotations of all Actinobacteriota species r epr esen- 
tative genomes in the Genome Taxonomy Database (GTDB) (re- 
lease R07-RS207; Parks et al. 2019 ). A ranking of the HMMER out- 
put per sequence was created using ‘hmmrank’ by Daniel Lundin 

( https:// github.com/ erikrikarddaniel/ hmmr ank ). The best-r anked 

sequences were used to identify the hydrogenase type on hy- 
dDB ( https:// services.birc.au.dk/ hyddb/ ) (Søndergaard et al. 2016 ).
A set of counting tables for each taxonomic rank was created 

out of the hydDB output using RStudio (v ersion 2022.07.1, R v er- 
sion 4.2.0; RStudio Team 2022 ) with the tidyverse package ( https: 
//www.tidyv erse.or g/) (Wic kham et al. 2019 ). 

In order to create a family tree for all Actinomycetia, the 
bacterial GTDB r efer ence tr ee was used ( https://data.gtdb. 
ecogenomic.or g/r eleases/r elease207/207.0/bac120 _ r207.tr ee ), 
subset to c_Actinomycetia and pruned to famil y le v el using Den- 
dr oscope (v ersion 3.8.3) ( https:// uni-tuebingen.de/ fakultaeten/ 
mathematisc h-naturwissensc haftlic he-fakultaet/fac hber eic he/ 
informatik/ lehrstuehle/ algorithms- in- bioinformatics/software/ 
dendroscope/) (Huson and Scornavacca 2012 ). 

Determination of nitrogenase and uptake 

hydrogenase activities 

Roots of intact whole-plant systems were incubated in gas-tight 
cuv ettes, whic h wer e sealed with suba seals (Sigma-Aldrich, Swe- 
den) and left in the greenhouse for 1 h. Measurement of hydrogen 

w as performed b y taking out 1 ml samples fr om eac h cuv ette with 

a gas-tight syringe and injecting them into a GC-8AIT gas c hr o- 
matogr a ph with a TCD detector (Thermal Conductivity Detector; 
Shimadzu Scientific Instruments, Columbia, USA) (Mattsson and 

Sellstedt 2000 ). The TCD-GC was equipped with a column packed 

with Molecular Sie v e 5A with ar gon as carrier gas, and run at 80 ◦C 

column temper atur e and 120 ◦C detector temper atur e. In the cases 
wher e hydr ogen e volution could not be detected after 1 h, a sec- 
ond measurement was made after 24 h. 

For measurements of nitrogenase activities, the ARA was used.
Plants roots of intact whole-plant systems incubated in the above- 
mentioned gas-tight cuv ettes wer e v ented for 2 h; then, 10% (v/v) 
of the gas phase in the cuv ette wer e exc hanged with 99.5% (v/v) 
acetylene; then the cuvettes were k e pt in the greenhouse for 1 h.
Measurement of ethylene was performed by taking 1 ml samples 
fr om eac h cuv ette with a gas-tight syringe and injecting into a GC- 
8AIT gas c hr omatogr a ph with a FID detector (Flame Ionization De- 
tector; Shimadzu Scientific Instruments) (Mattsson and Sellstedt 
2000 , Richau et al. 2017 ). The FID-GC was equipped with a column 

packed with Porapak T, and run at 90 ◦C column temperature and 

220 ◦C detector temper atur e, with N 2 as carrier gas. 
The r elativ e efficiency (RE) of nitr ogenase is used to describe the 

extent of hydrogen loss during N 2 fixation (Schubert and Evans 
1976 ). RE is a coefficient describing the electron allocation to ni- 
r ogenase. Div er gence of the coefficient indicates the presence of
ther interacting enzyme systems, such as for example uptake 
ydrogenase. 

RE = 1 − ( r ate of H 2 e volution in air ) / ( r ate of C 2 H 2 r eduction ) . 

According to Burns and Hardy ( 1975 ) and Schubert and Evans
 1976 ), the rate of hydrogen evolution in the absence of other re-
ucible substrates should depict the total electron flux to the ni-
r ogenase system. Ther efor e, in the pr esence of acetylene at a sat-
rating amount of 10% (v/v) , no hydrogen is formed and the total
lectron flow to nitrogenase is most likely used to reduce acety-
ene (Dart and Day 1971 ). Consequently, the RE of electron transfer
o nitrogen via nitrogenase can be expressed by the ratio defined
he RE, and an RE above 0.75 indicates uptake hydrogenase activ-
ty (Schubert and Evans 1976 ). 

esults and discussion 

our different types of [NiFe] hydrogenase can be 

ound in the Frankia strain genomes 

NiFe] hydrogenases can be grouped into 29 classes based on the
mino acid sequences of their large subunits (Søndergaard et al.
016 ). Using BlastP searches on NCBI with differ ent lar ge sub-
nits of hydrogenases from Stre ptom ycetes, two groups of HupL
r oteins wer e found to be encoded by F rankia genomes , a large
roup of sequences of more than 500 amino acids, and a smaller
roup of proteins of ca. 430 amino acids . T he proteins represent-
ng the 500 + amino acid large subunit of [NiFe] uptake hydroge-
ase, HupL, were used to build a phylogenetic tree . T he results

Fig. 1 A) clearl y show thr ee distinct forms of HupL, corr esponding
o HupL1 and HupL2 from the two syntons pr e viousl y identified
n r epr esentativ es of Frankia cluster 1, and one form that was pre-
iously identified in a strain from cluster-3 but not distinguished
rom HupL2 (Leul et al. 2009 ). The latter, now termed HupL3, was
ound in all genomes of cluster-3 strains examined, in one strain
f the nonsymbiotic cluster-4 and in all strains from the island
ineage of cluster-2 (Nguyen et al. 2019 , Berckx et al. 2022 , Fig. 1 A).
he phylogeny of the proteins representing the small submit of

NiF e] uptake hydrogenases , HupS, was similar to that of HupL
 Fig. S3 ). 

HupL1 r epr esents a ca. 595 amino acid lar ge subunit of [NiFe]
ydr ogenase gr oup 1 h (Sønder gaard et al. 2016 ). HupL2 r epr e-
ents a ca. 535 amino acid large subunit of [NiFe] hydrogenase of
roup 2a, and HupL3 a ca. 573 amino acid large subunit of group
f. All three types—1 h, 2a, and 1f—are classified as ‘plasma mem-
rane associated?’ in HydDB ( https:// services.birc.au.dk/ hyddb/ ).
lso the small subunits (HupS) encoded by the three different
yntons had distinct sizes: 350–360 amino acids for HupS from
ynton-1, 320–323 amino acids for the version from synton-2, and
10–420 amino acids for the version from synton-3 ( Table S2 ). 

The smaller version of HupL (409–451 amino acids), termed 

upL4 in this manuscript and present in se v er al str ains, r epr e-
ents a type 3b cytosolic [NiFe] hydrogenase (Søndergaard et al.
016 ; Table S2 ). 

 he phylogen y of the hydrogenase structur al 
roteins of syntons 1, 2, and 3 follows that of 
rankia 

ithin the Frankia genus, cluster-1 r epr esentativ es contain
ynton-1 and synton-2, cluster-3 r epr esentativ es contain synton-
 and synton-3, and the r epr esentativ es of the earliest br anc hing
lade, cluster-2, either contain synton-1 (continental lineage) or 

https://unite.ut.ee/
https://github.com/torognes/vsearch
http://www.uniprot.org/blast
http://pfam.xfam.org/family/PF00374
https://github.com/erikrikarddaniel/hmmrank
https://services.birc.au.dk/hyddb/
https://www.tidyverse.org/
https://data.gtdb.ecogenomic.org/releases/release207/207.0/bac120_r207.tree
https://uni-tuebingen.de/fakultaeten/mathematisch-naturwissenschaftliche-fakultaet/fachbereiche/informatik/lehrstuehle/algorithms-in-bioinformatics/software/dendroscope/
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae147#supplementary-data
https://services.birc.au.dk/hyddb/
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae147#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae147#supplementary-data
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Figure 1. Phylogenies of [NiFe] hydrogenase large subunit and accessory proteins. Colouring is according to synton (synton-1, group 1 h; synton-2, 
group 2a; synton-3, group 1f; and synton-4, group 3b). (A) Frankia hydrogenase large subunit phylogeny. HupL proteins of Frankia species fall in four 
phylogenetic groups, HupL1 (synton-1), HupL2 (synton-2), HupL3 (synton-3), and HupL4 (synton-4). Numbering of synton-1 and synton-2 is based on 
the pr e viousl y identified hydr ogenase syntons published by Leul et al. ( 2009 ). (B) Phylogen y of HypF pr oteins of F rankia species . Protein numbering is 
based the HupL protein of the same synton; the genes encoding the HypF1al proteins from cluster-3 species are not linked to any synton in the 
genome (al, alone); the numbers were assigned because these genomes contain synton-1 without a hypF gene (and synton-3 with a hypF gene), 
ne v ertheless, they gr oup with synton-2 HypF proteins . T he numbering of Frankia inefficax EuI1c HypF3 is doubtful in so far that the corresponding gene 
is not linked to the only synton present in the genome, synton-1), but based on sequence, it r epr esents a member of synton-3. Frankia canadensis ARg5P 
HypF2 was annotated as such since ARg5P contains synton-1 (which contains hypF1 ) and synton-2 (which does not contain h ypF2 ); ‘ h ypF2 ’ is not linked 
to either synton and the phylogenetic tree clearly shows it encodes a HypF3 protein. In this figure, F. soli EAN1pec was used instead of the type strain 
NRRL B-19216 because the latter contains two additional copies of hypF3 (unlinked to any hup operon), which is atypical. (C) Phylogeny of HypD 

proteins of Frankia species. Protein numbering is based on the HupL protein of the same synton. The HypD3 (synton-3, group 1f) proteins of the island 
lineage of cluster-2 clearly represent synton-1 (group 1 h) proteins based on their sequence . T he size bar shows the number of changes. Bootstrap 
v alues ar e included. Please note that F. alpina , F. nodulisporulans , F. datiscae , F. californiensis , and Frankia sp. (novel species described by Berckx et al. 2022 ) 
are Candidatus species. 
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ynton-3 (island lineage) [Fig. 1 A; see Berckx et al. ( 2022 ) for the
wo lineages of F rankia cluster-2]. T he corresponding genes could
av e e volv ed by duplication and modification within Frankia or
ould have been acquired by horizontal gene transfer (HGT). Based
n the comparison of the phylogeny of HupL1-4 (Fig. 1 A) and
upS1-4 ( Fig. S3 ) and the core genome phylogeny of the Frankia
enus ( Fig. S1 ), no HGT needs to be invoked; HupL1-3 and HupS1-
 clearl y coe volv ed and their phylogen y mor e or less follows the
ore genome phylogeny. 

Synton-4 (group 3b) was not found in any sequenced genome
f Frankia cluster-2. It was found in two strains of the nonsymbi-
tic Frankia clade, cluster-4, Frankia saprophytica CN3 and Frankia

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae147#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae147#supplementary-data
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sp. EUN1h; ho w e v er, two genes in the EUN1h operon are pseudo- 
genized, so this strain cannot form a group 3b [NiFe] hydrogenase 
( Table S2 ). Synton-4 was found in some r epr esentativ es of cluster- 
3, namely in Frankia elaeagni BMG5.12 and in some strains of F. soli ,
the type strain NRRL B-16219 (but two genes in the operon are 
pseudogenes, so a type 3b hydrogenase cannot be formed) and 

in Hr75.2.1 (operon intact), but not in EAN1pec (for the r epr esen- 
tatives of F. soli , see Fig. S2 ). In cluster-1, it was found among the 
alder-infectiv e str ains in both r epr esentativ es of Frankia torreyi , but 
not at all in F. alni , Ca. Frankia alpina or Ca. Frankia nodulisporu- 
lans. Ho w e v er, it is pr esent—and intact—in all 13 genomes avail- 
able from Casuarina- infective strains (shown for the type strain 

CcI3 and for strain KB5 in Fig. 1 A; see also Table S2 ). The phylogeny 
of the two subunits of group 3b [NiFe] hydrogenase, HupL4 and 

HupS4, does not follow Frankia species phylogeny (Fig. 1 A; Fig. S3 ).

T he phylogen y of the ma tur a tion proteins HypD 

and HypE, and of HypF, differs from the 

phylogeny of the structural hydrogenase proteins 

The fact that both lineages of sporulating strains of cluster-1a 
hav e r etained genes fr om differ ent syntons, combined with the 
fact that synton-3 lacks hypB3 in most cases examined, raises the 
question whether the phylogeny of the matur ation pr otein genes 
follows the phylogeny of the structural genes, or whether we can 

find evidence for the exchange of maturation proteins between 

syntons . T her efor e, the phylogen y of the lar gest matur ation pr o- 
teins, HypD, HypE, and HypF, was examined. For HypF, phylogeny 
clearl y separ ated the HypF pr oteins of the differ ent syntons, and 

within these gr oup mostl y follo w ed Fr ankia ph ylogeny (Fig. 1 B).
Ho w e v er, the position of cluster-3 HypF proteins was one inter- 
esting exception. While syntons-3 of cluster-3 contain a hypF gene,
syntons-1 of this cluster do not. Ho w e v er, eac h genome contains a 
hypF gene that is unlinked to any synton, termed ‘ hypF1alone ’. The 
corr esponding pr oteins (HypF1al) gr oup with the HypF proteins 
from synton-2 (Fig. 1 B), suggesting that the y re present leftovers 
of a lost synton-2. Furthermore, the HypF2 protein of the cluster- 
1 strain Frankia canadenis ARgP5—encoded by a gene that is not 
linked to synton-2, but synton-1 contains a hypF gene and synton- 
2 does not—clearly represents a HypF3 protein (Fig. 1 B); thus, it 
could be a leftover of a lost synton-3. Similarly, the cluster-4 strain 

Frankia inefficax EuI1c contains a synton-1 (group 1 h) hydrogenase 
and a synton-3 (group 1f) HypF pr otein, possibl y a r emnant of a 
lost synton-3. 

HypD and HypE clearl y coe volv ed (Fig. 1 C and Fig. S4 ). They 
can be grouped into five different clades, which neither repre- 
sent genes from the same synton, nor follow Frankia phylogeny 
(A–E; Fig. 1 C for HypD; for HypE see Fig. S4 ). The synton-2 HypD/E 
proteins of cluster-1 and of the continental lineage of cluster-2 
ar e separ ated, the latter gr oup with synton-3 HypD/E proteins of 
cluster-3 and of the cluster-4 species F. inefficax EuI1c. The synton- 
3 HypD/E proteins of cluster-3 and of the island lineage of cluster-2 
ar e separ ated in that the latter gr oup with synton-1 HypD/E pr o- 
teins of two of the cluster-3 species examined. T hus , the phyloge- 
netic analysis suggests that HypDE of the continental lineage of 
cluster-2 ar e r emnants of a lost synton-3, and that HypDE of the 
island lineage of cluster-2 are remnants of a lost synton-2. 

Altogether, these data show that the hydrogenase matura- 
tion protein genes evolved independently of the corresponding 
structur al pr otein genes, and can be exchanged between syn- 
tons 1–3/[NiFe] hydrogenase groups 1 h, 1f and 2a. Given that 
HypE and HypF inter act during hydr ogenase matur ation, while 
HypD interacts with HypC (Peters et al. 2015 ), it is surprising that 
ypE and HypD coevoled while HypF seems to have evolved in-
ependentl y (since HypC pr oteins of gr oups 1 h, 1f, and 2a are

ess than 100 amino acids in length, their phylogeny was not
nalysed). 

rganization of the four different [NiFe] uptake 

ydrogenase syntons in the genus Frankia 

he configuration of the three large syntons differs (Fig. 2 A). Two
ersions of synton-1 (group 1 h) were found. In synton-1 of cluster-
 strains, all genes have the same orientation. It starts with hypA1–
ypB1 , whic h may r epr esent a separ ate oper on, follo w ed b y an
peron encompassing a gene encoding a hypothetical protein 

f unknown function, the matur ation pr otease (matur ase) gene,
upS1–hupL1 , a gene encoding the FeS cluster biogenesis protein
fuA, follo w ed b y three genes encoding hypothetical proteins and
nding with h ypF1–h ypC1–h ypD1–h ypE1. The nfuA gene is missing
n the genome of Frankia casuarinae CcI3. In contrast, synton-1
f cluster-3 strains begins with h ypC1a , follo w ed b y hupS1 , hupL1 ,
our ORFs encoding hypothetical protein, the maturation protease 
ene, h ypC1b , h ypD1 , h ypF1 , h ypA1 , h ypB1 , and then hypF1 but in the
pposite orientation. The cluster-4 strain F. inefficax EuI1c has a
imilar configuration of synton-1, but with hypB1 and hypF1 miss-
ng (data not shown); the cluster-4 strains Frankia saprotrophica 
N3 and Frankia asymbiotica NRRL B-16386 have the cluster-1 con-
guration of synton-1. 

Synton-2 (group 2a) consists of two operons in divergent ori-
ntation, one r epr esenting h ypA2–h ypB2 and the lar ge one r epr e-
enting hupS2–hupL2–hupD2 , follo w ed b y a gene encoding a hy-
othetical protein and a gene encoding an NHL repeat contain-

ng protein, follo w ed b y h ypF2–h ypC2–h ypD2–h ypE2 . In cluster-2
trains of the continental lineage, the structural genes are not
art of the lar ger oper on, and the arr angement of genes down-
tream of hupD2 is different: h ypF2–h ypC2b , follo w ed b y a hypo-
hetical protein gene and gmhA, then h ypE2–h ypC2a–h ypD2. The
mhA gene found between hypC2b and hypE2 (FsymDg_2476 in 

andidatus Frankia datiscae Dg1; see Fig. 2 A) encodes a d -gl ycer o-
eta- d -manno-heptose 1-phosphate aden yl yltr ansfer ase, an en-
yme involved in the synthesis of the lipopolysaccharide pre- 
ursor ADP- l -gl ycer o- β- d -manno-heptose (ADP- l - β- d -heptose) in
r am-negativ e bacteria and GDP- d - α- d -heptose in Gr am-positiv e
acteria (Valvano et al. 2002 , Kneidinger et al. 2002 , Karan et al.
020 ). GmhA is often found in group 1 h and group 2a hydrogenase
perons (Islam 2020 ); ho w ever, gmhA is not present in synton-2 of
luster-1 Frankia strains nor in synton-1 (group 1 h) of any Frankia
luster. 

Also synton-3 was r epr esented by two versions . T he first ver-
ion of synton-3 was found in cluster-3 genomes. It consists of
ne large operon, h ypC3b–hupS3–h ypL3 , follo w ed b y four genes for
ypothetical proteins, follo w ed b y the matur ation pr otease gene
nd then by hypC3a–hypE3–hypD3–hypA3 (and in Frankia irregu- 

aris , b y h ypB3 at the end; in the other cluster-3 species, hypB3
as missing). The second version was found in the island lin-

age of cluster-2. Here, synton-3 consists of two operons in diver-
ent orientation, one encompassing the maturation protein genes 
 ypC3–h ypD3–h ypE3–h ypF3 and the other containing hupS3–hupL3 ,
 gene encoding a [NiFe] hydrogenase cytochrome subunit ( hupC ),
 gene encoding the maturation endopeptidase (maturase) hupD,
nd hypA3. 

In summary, the oper on or ganization and the order of the mat-
r ation pr otein genes h ypC , h ypD , h ypE , and h ypF differ betw een
he three syntons. No hypB3 gene could be identified in synton-3
n most of the cluster-3 genomes a vailable , while the genomes of

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae147#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae147#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae147#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae147#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae147#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae147#supplementary-data
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Figure 2. Complete operons of the four syntons and erosion of syntons-1 and -2. (A) Operon structure of the four different syntons in Frankia spp. 
Genes with known functions with regard to [NiFe] hydrogenase are depicted in the same colour for each synton. Genes encoding structural proteins 
ar e surr ounded by dotted lines. Syntons-1, -2, and -3 hav e differ ent configur ations in differ ent F rankia clusters . (B) Oper on structur e of er oding syntons 
in cluster-1a and cluster-2. The remnant of synton-1 in Candidatus Frankia alpina AiOr and its superficially intact synton-2 are shown. The two parts of 
synton-2 of Candidatus Frankia nodulisporulans AgTrS with the break in hypF2 show that no Hup activity can be expected in this species. Erosion of 
synton-2 was most advanced in the ‘local source’ inoculum stored since 1986. The directly sequenced ‘local source’ inoculum ( Ca. Frankia 
nodulisporulans LS) sho w ed e v en further er osion of synton-2 in that the 3 ′ -part of hypF2 and the 5 ′ - and 3 ′ -end of h ypE w ere missing (data not sho wn). 
Size bars denote 1 kb. 
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cluster-2 strains of the island lineage (Berckx et al. 2022 ), which 

only contain synton-3, lack both hypA3 and hypB3 . 
Synton-4 did not contain an y matur ation pr otein genes be- 

sides the one encoding the maturation protease. It consists,
as described in HydDB (Søndergaard et al. 2016 ), of the genes 
of the diphorase module [ hyhG , encoding the iron–sulfur bind- 
ing subunit ( F. casuarina e CcI3: F rancci3_4500), follo w ed b y h yhB 
(F rancci3_4498), follo w ed b y the genes encoding the hydrogenase 
module with the [NiFe] center, h yhS ( hupS4 ; F rancci3_4497) en- 
coding the small subunit and h yhL ( hupL4 ; F rancci3_4496) encod- 
ing the large subunit, follo w ed b y the matur ation pr otease gene 
(F rancci3_4495)]. Ho w ever, in Frankia , between the two genes for 
the dia phor ase module the gene for a small tr anscriptional r eg- 
ulator with a cyclic nucleotide binding domain (Francci3_4499) is 
present. In F. casuarinae , synton-4 is closely linked (ca. 7 kb dis- 
tance) to the nifHDK operon. 

Genome analysis shows loss of 
hydrogenase-related genes in cluster-1a spore 

formers and in all cluster-2 strains 

Figure 2 (B) shows the configuration of the four different syntons 
in lineages of genome reduction. In re presentati ves of the conti- 
nental lineage of cluster-2, Frankia coriariae and Ca. Frankia datis- 
cae, synton-2 had been retained but is divided into two operons; 
the structur al pr otein genes hupS2–hupL2, follo w ed b y the ferre- 
doxin subunit gene, are not on the same operon as the maturation 

protein genes; instead, HupS2–hupL2 had been transferred to an- 
other position in the c hr omosome. In Ca. F. datiscae Dg1, the only 
completely assembled genome of a cluster-2 strain, the matura- 
tion protein gene operon is located in position 2 941 034–2 934 475,
while the structural protein gene operon in 488 967–488 785. The 
structur al pr otein genes ar e follo w ed b y a gene encoding the ferre- 
doxin subunit of nitrite reductase (F_symDg_0417 in Fig. 2 B). In 

r epr esentativ es of the island lineage of cluster-2 (Berckx et al.
2022 ), neither synton-1 nor synton-2 was found. Instead, synton- 
3 is present, but is lacking hypB3. While hypB3 is also missing in 

the genomes of most cluster-3 strains examined, cluster-3 strains 
contain a complete synton-1 including hypB1. 

In the two species of cluster-1 strains sporulating in nod- 
ules, Ca. F. alpina and Ca. F. nodulisporulans, (most of) synton- 
1 could not be found (Fig. 2 B). Ca. F. alpina AiOr has retained 

the complete synton-2, i.e. the h ypA2–h ypB2 operon and a larger 
oper on r epr esenting hupS2–hupL2 -matur ation pr otein gene-two 
genes encoding hypothetical proteins- h ypF2–h ypC2–h ypD2–h ypE2 .
The AiOr genome also contains part of synton-1: it begins with 

a truncated version of hupL1 , follo w ed b y four genes encoding 
hypothetical proteins, then h ypF1 , h ypC1 , a complete and a trun- 
cated version of h ypD1 , and h ypE1 . In the four r epr esentativ es of 
Ca. F. nodulisporulans the genomes of whic h wer e sequenced,
no remnants of synton-1 were found. The genome of the type 
strain AgTrS contains a truncated version of synton-2 consist- 
ing of hypA2 and hupS2–hupL2–hupD2 (maturation protease gene)- 
hypothetical protein gene, ending with a 3 ′ -truncated version 

of hypF2. Another operon, hypF2 ′ –hypC2–hypD2–hypE2, was also 
found, as was a hypB2 gene . T he genomes of the two r epr esenta- 
tives of the Swedish ‘local source’, strains AgUmASt1 and AgU- 
mASH1, contained a complete h ypA2–h ypB2 operon, while the 
lar ger oper on was distributed ov er two contigs as in AgTrS. The 
genome of AgUmASH1 contains a hypothetical protein gene af- 
ter the NHL r epeat pr otein gene in the larger operon (Herrera- 
Belar oussi et al. 2020 ). Inter estingl y, the er osion of synton-2 is 
most advanced in the genome sequenced from nodules of the 
riginal ‘local source’ that wer e stor ed at −80 ◦C since the 1980s.
er e, onl y a truncated version of hypE2 is left of the h ypF2 ′ –h ypC2–
 ypD2–h ypE2 operon present in the three other genomes of Ca . F.
odulisporulans strains (Fig. 2 B). 

In summary, the cluster-1 strains sporulating in nodules have 
ost all or most of synton-1; all members of Ca. F. nodulisporulans
ave lost all of synton-1. Furthermore, the genomes of all four
 epr esentativ es of Ca. F. nodulisporulans contain no intact hypF ;
nstead, AgTrS, UmASH1, and UmASt1 contained two truncated 

opies of hypF2 , a 3 ′ -truncated one in the operon with the struc-
ural genes, and a 5 ′ -truncated one in the operon with the matura-
ion protein genes . T his should exclude any [NiF e] uptake hydro-
enase activity. In order to c hec k whether an assembl y err or had
ccurred and the strains actually contained a complete copy of
 ypF2 , R T-PCR w as performed with a 5 ′ -primer deriv ed fr om the 3 ′ -
runcated version and a 3 ′ -primer derived from the 5 ′ -truncated
ersion of the gene. Ho w ever, no product w as obtained (data not
hown). Lastl y, the r aw data of the AgTrS genome wer e anal ysed
or the presence of ov erla pping r eads betw een the tw o parts of
 ypF2 , but none w er e found; on the contr ary, the r aw data sho w ed
hat ther e wer e at least 300 bp of re petiti ve sequences between the
wo parts of hypF2 (data not shown). T hus , Ca. F. nodulisporulans
hould not be able to form an active [NiFe] hydrogenase, while Ca.
. alpina might. 

xc hangea bility of ma tur a tion proteins between 

roups of [NiFe] hydrogenases 

NiFe] hydrogenase group 1f (synton-3) is consistently lacking hypB 
n all Frankia strains studied, including in cluster-3 strains of the
sland linea ge wher e synton-3 encodes the onl y [NiFe] hydr oge-
ase. It has been known for some time that accessory proteins for
he incor por ation of Ni can be exc hanged between differ ent sys-
ems , e .g. de Reuse et al. ( 2013 ) summarized that in Heliobacter py-
ori HypA/HypB contribute to the incor por ation of Ni in urease, an-
ther enzyme that contains Ni as the active centre . T hus , the lack
f a hypB gene in all but one r epr esentativ es of synton-3 str ongl y
uggests that HypB can be substituted for by the corresponding Ni
ncor por ation pr otein fr om the other Hup synton (synton-1, gr oup
 h). Ho w e v er, that does not explain whether, and if y es, ho w the
ack of hypB3 in cluster-2 strains of the island lineage is compen-
ated for. 

Phylogenetic analysis of HypF proteins sho w ed that in con-
rast with the structural proteins of [NiFe] h ydrogenase, HypF ph y-
ogeny did not always follow Frankia phylogeny (Fig. 1 B). HypF
hylogeny did, ho w ever, sho w a separation between HypF3 and
ypF1/2, with the exception that Frankia canadensis ARgP5 hypF2 ,
hich is not part of any Hup synton and was termed hypF2 since

ynton-1 of ARgP5 does contain a hypF gene while synton-2 does
ot, gr ouped with HypF3. Furthermor e, extant cluster-3 str ains do
ot contain synton-2 (group 2a), but their syntons-1 lack hypF1,
hile their genomes contain unlinked hypF genes that encode 
ypF2 proteins (Fig. 1 B). These data not only support a scenario
here the ancestral Frankia strain had all three [NiFe] uptake hy-
r ogenase syntons (gr oups 1f, 1 h, and 2a), but also suggest that
ccessory proteins can be exchanged between [NiFe] hydroge- 
ases of different groups. 

ow did Frankia end up with four types of 
ydrogenases: evolution of hydrogenases in 

ctinomycetia 

hylogenetic data indicate that BNF e volv ed in an anaer obic, ther-
ophilic ancestor of hydr ogenotr ophic methanogens and later 
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pread via lateral gene transfer (HGT) into anaerobic bacteria, and
 v entuall y into aerobic bacteria including Cyanobacteria (Mus et
l. 2019 ). At one point, the ancestor of Frankia must have acquired
itrogenase genes and thus the capacity to fix nitrogen while pro-
ucing hydrogen gas as a by-product. T hus , the ancestor of Frankia
ould pr ofit fr om the acquisition of uptake hydrogenase: first, to
 eabsorb the H 2 pr oduced by nitr ogenase, second, to pr oduce ATP
ia the oxyhydrogen (Knallgas) reaction; third, to remove oxy-
en from the o xygen-sensiti ve nitrogenase complex; and fourth,
o pr ovide r eduction equiv alents (Zhang et al. 2014 ). Or did the
rankia ancestor already contain hydrogenase genes, and if yes, for
hich type(s) of hydrogenase? In this context, it is interesting that

n strains of the nonsymbiotic Frankia cluster-4, nitrogen fixation
 nif ) genes are missing while genes encoding [NiFe] uptake hydro-
enase group 1 h (synton-1) are commonly found. T herefore , we
et out to study the occurrence of different types of hydrogenase
n the phylogenetic environment of Frankia. 

According to the GTDB taxonomy (Chaumeil et al. 2019 , Parks
t al. 2022 ), Frankiaceae are part of the order Mycobacteriales
n the class Actinomycetia in the phylum Actinobacteriota.

e analysed the presence of different types of [NiFe] hydro-
enases in the families that make up the Actinomycetia class
Fig. 3 ). It is obvious that several types of [NiFe] hydrogenases are
resent in different families of the Actinomycetia, specifically
f the Mycobacteriales. Within the Mycobacteriales, two other
amilies besides Frankiaceae contain the four types of hydroge-
ases present in Frankia spp.; these families (Mycobacteriaceae
nd Pseudonocardiaceae) contain also hydr ogenases fr om two
Pseudonocardiaceae) or three (Mycobacteriaceae) other groups.

ithin the entire class Actinomycetia, altogether four families
Str eptospor angiaceae, Str eptomycetaceae , Mycobacteriaceae ,
nd Pseudonocardiaceae) contain hydrogenases of (at least) the
ame four groups that Frankia spp. contain. 

This means it is parsimonious to assume that the Frankia ances-
or contained different types of [NiFe] hydrogenases . Furthermore ,
he phylogeny of the maturation protein HypF in Frankia shows ev-
dence that the common ancestor of the four Frankia clades con-
ained syntons 1–4, i.e. hydrogenases of the groups 1 h, 2a, 1f, and
b, and that at least some maturation proteins can be exchanged
etween these different groups of [NiFe] hydrogenases . T he ex-
hangeability of maturation proteins between the groups 1 h, 2a,
nd 1f can be extended to group 3b hydrogenases (synton-4), given
hat synton-4 does not contain any genes encoding the proteins
 equir ed for the insertion of the Fe(CN) 2 CO cofactor, or Ni, in the
arge subunit of [NiFe] hydrogenases. In this context, it is interest-
ng that so far, synton-4 was ne v er the onl y hydr ogenase synton
ound in a Frankia genome. 

Altogether, the assumption that the common ancestor of
rankia contained all four [NiFe] hydrogenase syntons (groups 1f,
 h, 2a, and 3b) found in different extant strains, seems the most
arsimonious. 

cetylene reduction and uptake hydrogenase 

ctivity in intact nodules 

ptak e hydrogenase acti vity can be deduced when nitrogenase
ctivity, as determined by the ARA, is compared with hydrogen
 volution (Sc hubert and Ev ans 1976 , Sellstedt et al. 1986 ). The r e-
ults of measurements performed on all symbiotic systems cov-
red in this study are shown in Table 2 (A). Mature nodules of D.
lomerata infected by Ca. F. californiensis Dg2, and of H. rhamnoides
nfected by F. soli Hr75.2.1, showed Hup activity in that no hydro-
en evolution could be detected while nitrogen fixation took place.
he data depicted in Table 2 (B) show that F. soli Hr75.2.1 displayed
ptak e hydrogenase acti vity also during nitrogen fixation under
erobic conditions in culture. 

Nodules of A. glutinosa or A. incana induced by F. alni ACN14a
lso sho w ed no detectable H 2 production, i.e. due to Hup activ-
ty. In contrast, alder nodules induced by Ca. F. alpina AiOr or
ne of the thr ee r epr esentativ es of Ca. F. nodulisporulans used in
his study, sho w ed hydr ogen e volution during nitr ogen fixation. In
odules induced by Ca. F. alpina AiOr, which has retained the com-
lete synton-2, the RE of nitrogenase was 0.60–0.94. Based on the
toichiometry of the nitrogenase reaction and the RE calculations,
 RE below 0.75 means the strain lacks uptake hydrogenase activ-
ty (Schubert and Evans 1976 , Sellstedt et al. 1986 , Huss-Danell
991 ). T hus , while no synton-2 gene was lost in AiOr, a promoter
r one or more of the genes m ust hav e acquir ed m utations; the
train has lost synton-1 (group 1 h) and is in the process of losing
ynton-2 (group 2a). 

Nodules induced by the type strain of Ca. F. nodulisporulans,
gTrS, displayed an RE of 0.70–0.76, i.e. bar el y an y uptake hydr o-
enase activity. Nodules induced by the two r epr esentativ es of the
local source’, the original inoculum and UmASH1, sho w ed RE val-
es of 0.56–0.77 and 0.26–0.47, r espectiv el y (Table 2 A). In the orig-

nal study, nodules induced by the ‘local source’ had shown an
E of 0.57, i.e. they did not display uptake hydrogenase activity

Sellstedt et al. 1986 ). In a later study by Huss-Danell ( 1991 ), sev-
ral species of Alnus sp. were inoculated with the ‘local source’
f Frankia, and the RE ranged between 0.48 and 0.75. Thus, the RE
 alues measur ed for the two r epr esentativ es of the ‘local source’
nal ysed ar e consistent with pr e vious publications for the ‘local
ource’ of Frankia , and all r epr esentativ es of Ca. F. nodulisporu-
ans lack Hup activity, consistent with the fact that based on the
enome sequence, all r epr esentativ es of Ca. F. nodulisporulans
hould be equally lacking in [NiFe] hydrogenase activity since they
o not contain an intact h ypF gene. Ho w e v er, the differ ences be-
ween the RE values of the different intrastrains are surprising. 

he ‘local source’ ( Ca. F. nodulisporulans) is 

epresented by four inocula in this study w hic h 

ehave differently with regard to nitrogenase RE 

nd nodule morphology 

he ‘local source’ inoculum, whic h r ecentl y was shown to be a
ember of Ca. Frankia nodulisporulans (Herr er a-Belar oussi et al.

020 ) has been maintained since the 1980s in the form of nodules
tor ed at −80 ◦C. Occasionall y, fr actions wer e used to inoculate
lants growing on a mix of autoclaved soil and autoclaved gravel,

ike the plant which was inoculated in 2014 and maintained in
 gr owth c hamber, fr om whic h the nodules wer e harv ested in
019 that were used to isolate and sequence the UmASH1 genome
Herr er a-Belar oussi et al. 2020 ). Later, nodules were collected from
he same plant and pr opa gated on an A. glutinosa plant to be used
s inoculum in this study. The differences between the genomes
f the ‘local source’, UmASH1, UmASt1, and the type strain AgTrS
re consistent with the observation made earlier for the equally
ncultiv able cluster-2 str ains, namel y that inocula r epr esent mix-
ures of strains and different re presentati ves will end up inducing
odules (Berckx et al. 2022 ). T hus , it cannot be excluded that the
ifferent inocula contained a minor contribution of strains with a
omplete synton-2, leading to the occasional occurrence of nod-
le lobes containing Frankia with uptake hydrogenase activity. 

In independent experiments performed in Umeå and Stock-
olm, nodules induced by UmASH1 on roots of A. glutinosa and
. incana consistently did not resemble those induced by the ‘local
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Figure 3. Distribution of [NiFe] hydrogenase types in Actinomycetia. To see whether the occurrence of four different types of hydrogenase in Frankia 
spp. is likely to have involved HGT, the occurrence of all hydrogenase types was examined using the HydDB tool (Søndergaard et al. 2016 ) in the entire 
class Actinomycetia. The phylogeny of Actinomycetia was taken from GTDB (Parks et al. 2019 , 2022 ). The origin of the order Mycobacteriales, which 
contains the genus Frankia is indicated in the phylogenetic tree by an orange circle; families belonging to the Mycobacteriales are labelled by asterisks. 
The groups of hydrogenases that occur in Frankia are given in color and bold print for the entire class—1 h (synton-1), 2a (synton-2), 1f (synton-3), and 
3b (synton-4)—, the other groups are given in grey. 
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Table 2B. Acetylene reduction and H 2 evolution in culture. 

Frankia strain N source H 2 (nmol H 2 mg prot −1 ) ARA ( μmol C 2 H 4 mg prot −1 ) StDEV 

Hr75.2 Yes 0 0 0 
Hr75.2 No 0 0.44 0.07 
Hr75.2 Yes 0 0 0 
Hr75.2 No 0 0.14 0.02 

Av er a ges of four replicates are shown. StDEV, standard deviation. 
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source’ ( Ca. F. nodulisporulans LS). While based on the biomass ac- 
quisition of the nodulated plants compared to control plants and 

on nitrogenase activity (Table 2 ), both inocula contained effective 
microsymbionts (data not shown), nodule phenotypes were strik- 
ingl y differ ent. Nodules induced b y the ‘local sour ce’ had m uc h 

larger lobes than those induced by UmASH1 or by any of the other 
alder-compatible inocula used in this study, and this large-lobe 
phenotype has been stable since the 1980s (data not shown; A.
Sellstedt, personal observations). In order to address the differ- 
ence in nodule structure and nodule uptake hydrogenase activity,
DN A w as isolated from nodules induced by UmASH1 and the orig- 
inal ‘local source’ on A. glutinosa , and 16S pr ofiles wer e gener ated.
The r esults ar e depicted in Fig. S5 . The pr ofiles wer e r ather similar 
but sho w ed differences in some minor components in so far that 
the ‘local source’ nodules contained Acidothermus , Asticcacaulus ,
and Variovorax while the UmASH1 nodules contained Pseudolabrys ,
Haliangium , and Reyranella . 

In the current study , all Ca. F . nodulisporulans str ains behav ed 

differ entl y with r egard to RE. The type str ain AgTrS sho w ed an 

RE of 0.7–0.76. The ‘local source’ had an RE of 0.56–0.77 while 
UmASH1, whic h is deriv ed fr om nodules induced by the ‘local 
sour ce’ sho w ed an RE of 0.26–0.47, which is lo w er than should 

be permitted by the stoichiometry of the nitrogenase reaction in 

the absence of [NiFe] hydrogenase (Fig. 4 ). Thus, UmASH1 nod- 
ules pr oduced mor e H 2 than the nitr ogenase of the dominant 
Frankia strain. A comparison of the 16S profiles of nodules from 

nodules induced by UmASH1 and nodules induced dir ectl y by 
the ‘local source’ showed that when Frankia sequences were ex- 
cluded, the rest of the microbiomes were dominated by pseu- 
domonads with stre ptom ycetes the next lar gest gr oup; rhizobia 
were found as well. Stre ptom ycetes include strains with [NiFe] hy- 
drogenases (Constant et al. 2011 ). Furthermore, both microbiomes 
contain Novosphingobium spp. strains of which contain a group 2a 
[NiFe] hydrogenase and/or display nitrogenase activity (Islam et 
al. 2020 , Bizjak et al. 2023 ). Furthermor e, fermentativ e hydr ogen 

production as found in the soil bacterium Mycobacterium smegma- 
tis (Berney et al. 2014 ), might be performed by members of the 
nodule microbiome. Altogether, it is likely that the non- Frankia 
nodule microbiome contributes to H 2 evolution and H 2 uptake.
Similarly, the nodule morphology phenotype might be due to gib- 
ber ellin pr oduction by (a) member(s) of the non- Frankia nodule 
microbiome since in legume nodules, gibberellin increases nod- 
ule size (McAdam et al. 2018 ). 

Expression of genes from the different syntons in 

nodules and in culture: is the expression of 
different syntons linked to different life styles? 
Expression of one gene from each synton (for synton-2, two genes 
r epr esenting differ ent oper ons wer e used) was anal ysed in nod- 
ules, and, for F. alni ACN14a and F. soli Hr75.2.1, also in nitrogen- 
fixing cultures . T he results are shown in Fig. 4 . Consistent with 

pr e vious r esults (Leul et al. 2007 , 2009 ), in ACN14a, both synton- 
1 and synton-2 were expressed in nodules and in nitrogen-fixing 
ultur es. In cultur es containing ammonium, synton-1 expr ession
e v els wer e significantl y higher than those of synton-2, the ex-
ression of which was barely detectable. In nodules, expression 

f synton-2 was significantly higher than that of synton-1, sug-
esting that group 1 h hydrogenase does not play a gr eat r ole dur-
ng symbiosis. In the three strains representing Ca. F. nodulisporu-
ans, AgTrS, UmASH1, and LS, synton-2 was expr essed. Expr ession
e v els of the operon with the structural genes and the hypA2B2
per on wer e not significantl y differ ent, but expr ession le v els of
he h ypF2 ′ –h ypC2–h ypD2–h ypE2 operon w ere higher in UmASH1
nd LS than in the type strain AgTrS (Figs 2 and 4 ). Ho w e v er, the
ack of an intact HypF protein should not allow uptake hydroge-
ase activity in any Ca. F. nodulisporulans strain (Fig. 2 ). In sum-
ary, we can say that the erosion of synton-2 in Ca. F. nodulisporu-

ans does not seem to involve the promoters. 
Both operons of synton-2 were expressed in both cluster-2 

pecies examined, Ca. F. datiscae Dg1 and Ca. F. californiensis Dg2,
onsistent with the uptake hydrogenase activity shown by the cor-
esponding nodules (Table 2 A, Fig. 4 ). All three syntons, synton-1,
ynton-3, and synton-4, were expressed in nodules induced by the
luster-3 strain F. soli Hr75.2.1, as well as in nitrogen-fixing and
on-nitr ogen-fixing cultur es. For synton-4, expr ession le v els wer e
ignificantly higher under nitrogen-fixing conditions (nodules and 

ulture) than during growth on ammonium as nitrogen source,
hile for synton-1, expression levels were significantly higher in 

itr ogen-fixing cultur es than in nodules. 

an the erosion of particular [NiFe] hydrogenase 

yntons in specific subgroups of Frankia strains 

ro vide informa tion about their function? 
rankia strain genome sizes show an unusually large variation be-
ween 4.3 MB and more than 10 MB (Normand et al. 2007 , Nguyen
nd P awlowski 2017 , Herr er a-Belar oussi et al. 2020 ). Ther e ar e
hr ee linea ges of genome r eduction within the genus: cluster-1
tr ain genomes ar e 7.5–8 MB in size while cluster-1c str ains hav e
enomes of 5–6 MB and cluster-1 strains that sporulate in nodules
ave genomes of 4.2–5 MB (Pozzi et al. 2020 , Herr er a-Belar oussi et
l. 2020 ; this study). Frankia cluster-2 str ains hav e genome sizes
etween 5 and 6 MB (Nguyen and Pawlowski 2017 , Nguyen et al.
019 , Berckx et al. 2022 ). Strains of these lineages have limited
a pr otr ophic ca pabilities. Cluster-1c str ains a ppar entl y depend on
he presence of their host plant to grow saprotrophically in soil
Samant et al. 2016 ), cluster-2 strains as well as cluster-1 strains
hat sporulate in nodules have lost some sa pr otr ophic ca pabilities
s exemplified by the fact that with two exceptions in cluster-2
Gtari et al. 2015 , Gueddou et al. 2019 ), they could ne v er be gr own
n culture. 

Ho w e v er , while cluster -2 strains as well as cluster -1 strains
hat sporulate in nodules have lost [NiFe] hydrogenase synton- 
, members of Ca. F. nodulisporulans have also lost functional-
ty of synton-2 in that the hypF gene has broken up in two parts.
he loss of synton-2 did not take place in the type strain of the
ther lineage that sporulates in nodules, Ca. Frankia alpina AiOr

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae147#supplementary-data
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F igure 4. R T-qPCR to analyse the expression levels of different syntons. Expression levels of all available [NiFe] hydrogenase syntons were analysed: F. 
alni (synton-1 and synton-2), three strains representing Candidatus Frankia nodulisporulans (synton-2), the two cluster-2 species Candidatus Frankia 
datiscae Dg1 and Candidatus Frankia californiensisDg2 (synton-2), and the cluster-3 species F. soli Hr75.2.1 (synton-1, synton-3, and synton-4). 
Expression was analysed in nodules and, if the strains were cultivable, in cultures without nitrogen (nitrogen-fixing conditions) and with nitrogen, 
r espectiv el y. Eac h column r epr esents the av er a ge of three biological replicates; error bars show standard error. Bars labelled with the same letter are 
not statistically different. 
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Pozzi et al. 2020 ); ho w e v er, the efficiency of uptake hydrogenase
n AiOr was insufficient to reassimilate all hydr ogen r eleased dur-
ng nitrogen fixation, suggesting that at least one of the genes
f synton-2 had accum ulated m utations. In summary, cluster-1c
tr ains still hav e both synton-1 and synton-2, cluster-2 str ains
ave lost synton-1, while cluster-1 strains that sporulate in nod-
les lost synton-1 ( Ca. F. nodulisporulans) or are losing synton-1
 Ca. F. alpina), while the erosion of synton-2 is still in progress in
oth species. 

The fact that synton-1 (group 1 h) was lost in species that show
enome reduction and reduced saprotrophic potential indicates
hat while also expressed in nodules when present, synton-1 is
ot r equir ed for the symbiotic life style. On the contrary, the fact
hat cluster-2 Frankia str ains, whic h show a reduced saprotrophic
otential have lost synton-1 (group 1 h) and have retained ei-
her synton-2 (group 2a; continental lineage) or synton-3 (group
f; island lineage), indicates that either hydrogenase group is well
uited for the symbiotic lifestyle, and it seems to have been a mat-
er of chance whether synton-2 (group 2a) or synton-3 (group 1f)
as retained during the loss of sa pr otr ophic potential. As stated
bo ve , Søndergaard et al. ( 2016 ) linked both hydrogenase group 1f
nd 2a to the recycling of H 2 produced during nitrogen fixation,
hich is consistent with the RE of 1 for nodules of D. glomerata

onl y gr oup 2a pr esent) and the RE of 1 for nodules of H. rham-
oides induced by Hr75.2.1 (group 2a and 1f present). 

The role of syntons-2 and -3 (groups 2a and 1f) in symbiosis
s consistent with the earlier hypothesis, based on the r elativ e
xpr ession le v els of synton-1 and synton-2/3 genes under differ-
nt growth conditions, that syntons-2 and 3 (groups 2a and 1f)
r e mor e important for symbiosis and synton-1 (group 1 h) is
ore important for growth in soil (Leul et al. 2007 , 2009 ). How-

 v er, gr oup 1 h (synton-1) has not been linked to the recycling
f H 2 produced by nitrogenase b y Søndergaar d et al. ( 2016 ), but
o hydr ogenotr ophic r espir ation using O 2 as terminal electron ac-
eptor; the enzyme is supposed to scavenge electrons from atmo-
pheric H 2 to fuel the r espir atory c hain during carbon-starv ation.
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The suggestion that the role of synton-1 (group 1 h) in Frankia is 
not linked to nitrogen fixation is consistent with the fact that all 
strains examined of the nonsymbiotic cluster-4 have lost the nif 
genes, but retained synton-1 (group 1 h). T hus , the data a vailable 
thus far suggest that hydr ogenases gr oups 1f and 2a are linked to 
the recycling of H 2 produced by nitrogenase, while hydrogenase 
group 1 h is not. 

Synton-4 encodes a cytosolic bidirectional [NiFe] hydrogenase 
of group 3b that according to Søndergaard et al. ( 2016 ) can cou- 
ple the oxidation of NADP to the fermentative evolution of H 2 . Its 
pattern of occurrence is interesting: synton-4 was only found in 

two genomes of nonsymbiotic Frankia species (and is defective in 

one of them), was not found in any genome of cluster-2 Frankia,
and its presence in genomes from the other symbiotic clusters, 1 
and 3, is patchy ( Table S2 ). Ho w ever, there is one exception: all 
genomes of Casuarina -infective strains ( F. casuarinae, cluster 1c) 
contain synton-4 (data not shown). One feature that distinguishes 
these str ains fr om all other symbiotic Frankia strains is their en- 
vironment in symbiosis: microaerobic conditions are established 

in the infected cells of nodules of (Allo-)Casuarina spp., abolish- 
ing the need for the differentiation of Frankia vesicles as places 
of nitr ogen fixation; her e, nitr ogen fixation takes place in hyphae 
(Zhang and Torrey 1985 , Berg and McDo w ell 1987 , 1988 , Schubert 
et al. 2013 ). It ther efor e seems plausible that gr oup 3b [NiFe] hy- 
drogenase is important for effective carbon metabolism of Frankia 
under micr oaer obic conditions. Ho w e v er, gr oup 3b [NiFe] hydr o- 
genases have been described as oxygen tolerant (Søndergaard et 
al. 2016 ), and another unusual feature of F. casuarinae is its com- 
par ativ el y fast growth on solid medium (Bassi and Benson 2007 ).
In summary, further studies ar e r equir ed to elucidate the function 

of group 3b [NiFe] hydrogenase in Frankia . 

Symbiotic nitrogen fixation and uptake 

hydrogenase 

Most rhizobial strains examined cannot fix nitrogen ex planta and 

do not possess uptake hydrogenase (Annan et al. 2012 , Brito et al.
2005 , Sc hubert and Ev ans 1976 ). While the r eabsor ption of the H 2 

pr oduced by nitr ogenase would sav e ener gy, rhizobia in nodules 
ar e pr ovided with carbon sour ces b y the host plant, i.e. the y li ve 
in an ener gy-ric h envir onment. The low occurrence of rhizobial 
uptake hydrogenase might indicate that the host plants can af- 
ford the energy loss, and/or that the release of hydrogen gas in 

the rhizosphere might even be advantageous for the host plant 
with regard to selection of the rhizosphere microbiome . T he re- 
sults of Greening et al. ( 2016 ) suggest that H 2 is a widely utilized 

energy source for microbial growth and survival; thus, H 2 evolu- 
tion could be important for rhizosphere conditioning. Consistent 
with this hypothesis, Li et al. ( 2018 ) report that hydrogen treat- 
ment of rhizosphere soil samples of Medicago sativa plots influ- 
enced the composition of microbial communities. 

Ho w e v er, symbiotic Frankia str ains can fix nitr ogen ex planta; 
ther efor e, her e the selection for maintaining uptake hydrogenase 
might also depend on its being adv anta geous during sa pr otr ophic 
growth. On the other hand, nitrogen fixation does not seem to be 
a benefit during sa pr otr ophic gr owth of Frankia based on the fact 
that the nonsymbiotic strains, cluster-4, have lost the capacity 
for nitrogen fixation. Then why does the vast majority of symbi- 
otic Frankia strains display uptake hydrogenase activity, while the 
vast majority of symbiotic rhizobia does not? It should be noted 

that the legumes analysed for uptake hydrogenase activity were 
herbaceous, while actinorhizal plants, with one exce ption, re pre- 
sent trees or woody shrubs with perennial nodules . T his is likely to 
ffect the need, or lack of it, for continuous rhizosphere condition-
ng. It is tempting to speculate that for annual plants, the benefits
f quick rhizosphere conditioning by hydrogen evolution outweigh 

he loss of energy, while for perennial plants, rhizosphere con-
itioning is pr edominantl y based on r oot exudation and ener gy
r eserv ation is of larger importance. Plant selection for Hup 

+ or
up 

− microsymbionts would explain the differences of distribu- 
ion of uptake hydrogenase in symbiotic rhizobia versus symbiotic 
 rankia strains . 

The functionality of [NiFe] hydrogenases is well examined in 

acterial species that, in contrast with Frankia spp., are user-
riendly for biotechnological approaches, Escherichia coli and Cupri- 
vidus necator (Lamont and Sargent 2017 ). While the heterologous 
xpression of Frankia genes in Gr am-negativ e bacteria is not an op-
ion due to the high GC content of Frankia genomes and the conse-
uentl y differ ent codon pr efer ence (Kuc ho et al. 2013 ), the use of
ynthetic genes is a promising future option for detailed analyses.

onclusions 

rankia strains can contain four different [NiFe] hydrogenase syn- 
ons r epr esenting gr oups 1f, 1 h, 2a, and 3b according to Sønder-
aard et al. ( 2016 ); no mor e than thr ee types wer e found in an y
ndividual genome . T he phylogen y of the structur al pr oteins of
roups 1f, 1 h, and 2a follows Frankia phylogeny while the phy-
ogeny of accessory proteins does not necessarily. Evidence sug- 
ests that accessory proteins can be exchanged between differ- 
nt groups of [NiFe] hydrogenases, which would change the selec-
ion pr essur e on them. An anal ysis of differ ent [NiFe] hydr ogenase
ypes in Actinomycetia sho w ed that under the most parsimonious
ssumption, all four types wer e pr esent in the ancestral Frankia
train. Based on Hup activities analysed and the losses of syn-
ons in different lineages of genome reduction, we can conclude
hat groups 1f and 2a are involved in recycling H 2 formed by ni-
r ogenase while gr oup 1 h is not. We postulate that the difference
n selection for Hup 

+ microsymbionts between legumes and acti- 
orhizal plants is due to the fact that actinorhizal plants are trees
r woody shrubs while the legumes analysed are herbaceous, a
iffer ence whic h is likel y to affect the importance of short-term
hizosphere conditioning via release of H 2 . 
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