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Heterocysts are specialized cells required for aerobic fixation of dinitrogen by certain filamentous cyano-
bacteria. Numerous genes involved in the differentiation and function of heterocysts in Anabaena sp. strain
PCC 7120 have been identified by mutagenizing and screening for mutants that require fixed nitrogen for
growth in the presence of oxygen. We have verified that 10 Anabaena sp. genes, all1338, all1591, alr1728, all3278,
all3520, all3582, all3850, all4019, alr4311, and all4388, identified initially by transposon mutagenesis, are such
genes by complementing or reconstructing the original mutation and by determining whether the mutant
phenotype might be due to a polar effect of the transposon. Elucidation of the roles of these genes should

enhance understanding of heterocyst biology.

Anabaena sp. strain PCC 7120 (hereinafter referred to as
Anabaena sp.) is a filamentous cyanobacterium in which in the
absence of fixed nitrogen, approximately every 10th cell differ-
entiates into a specialized cell called a heterocyst. Heterocysts
are the site of nitrogen fixation by the oxygen-sensitive enzyme
nitrogenase. Within heterocysts, nitrogenase is protected from
oxygen by a double-layered envelope comprising a laminated
layer of heterocyst envelope glycolipids (HGL) that impedes
entry of oxygen into the cell and a homogeneous layer of
heterocyst envelope polysaccharide (HEP) that protects HGL
layers from physical damage, an increased rate of respiration,
and inactivation of at least the oxygen-generating complex of
photosystem II (39). An estimate that ca. 15 to 25% of the
Anabaena sp. DNA sense strand is transcribed only in hetero-
cysts (21) could not distinguish how many of the genes involved
are actually essential for development or diazotrophy.

Numerous genes involved in the differentiation and function
of heterocysts in Anabaena sp. have been identified by mu-
tagenizing and screening for mutants that require fixed nitro-
gen for growth in the presence of oxygen. Having identified
such mutants that nonetheless reduced acetylene under anoxic
conditions, Ernst et al. (9) wrote that “the inability to grow on
molecular nitrogen in the presence of 0.2 atm ... of O, does
not preclude the possibility that nitrogenase may be expressed
under other conditions, for example, in the absence of oxygen.”
Therefore, they coined the term “Fox” mutants, mutants that
are “incapable of fixation in the presence of oxygen,” to dis-
tinguish them from “Fix” mutants, unable to fix N, under all
conditions. Fan et al. (11) identified conR (all0187) as a gene
that requires fixed nitrogen for growth in the presence of
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oxygen. Their observation was confirmed by Mella-Herrera et
al. (24), who observed that for at least a short period after N,
fixation normally starts, a conR mutant shows aerobic nitroge-
nase activity. (They suggested that the inability of the cells to
grow on N, was caused by the inability of heterocysts to trans-
fer fixed nitrogen to neighboring cells.) What have been called
Fox mutants have been tested for growth, or the lack of growth,
in the presence of oxygen and absence of fixed nitrogen, but
they have seldom been tested for aerobic nitrogenase activity.
Because a conR mutant could express some nitrogenase activ-
ity aerobically, we propose that Fox mutants be defined slightly
more broadly as those “requiring fixed nitrogen for growth in
the presence of oxygen” rather than the original definition (9),
those “incapable of fixation in the presence of oxygen,” and will
use the broader definition. By either definition, mutants are
often easily distinguished because they soon yellow and cease
growth under aerobic conditions in a medium lacking fixed
nitrogen (9). Often, the mutation is evidently heterocyst re-
lated, e.g., hep and hgl genes that are required specifically for
the biosynthesis of HEP and HGL, respectively, have hereto-
fore been proven to be Fox genes. In other instances, a muta-
tion may affect all cells of a filament, e.g., a mutation in a gene
such as sepJ (fraG) (13, 26) that leads to extensive fragmenta-
tion of filaments. In that instance, heterocysts may soon lack
nutrients with which to fix nitrogen or to remain internally
anoxic. Similarly, a AgIK mutant has a phenotype in vegetative
cells as well as in heterocysts, but it is a Fox gene perhaps
because of its effect on N, fixation in heterocysts (2).

Not all genes that regulate differentiation are Fox genes. For
example, hetR is a Fox gene, because in its absence, no het-
erocysts differentiate and so no nitrogen fixation takes place
(3), whereas patA and patS are not Fox genes. In a patA
mutant, heterocysts form only at the ends of long filaments, but
those cells that do differentiate fix nitrogen, so that the fila-
ments grow (20). When a patS mutant is deprived of fixed
nitrogen, the initial response is that contiguous vegetative cells
differentiate into heterocysts, but within a few days, spaced
heterocysts again become the norm (44). Genes required for
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heterocyst-specific metabolism can be Fox genes, e.g., nifH,
nifD, and nifK, that encode the subunits of nitrogenase, but
fdxH, a ferredoxin that is heterocyst specific is—although im-
portant—not essential for aerobic N, fixation and so is not a
Fox gene (23). Mutations in one of the two cytochrome oxidase
operons, coxABCII and coxABCIII, allow continued diazotro-
phy under oxic conditions, so that these are not Fox genes, but
a combination of mutations in coxII and coxIII does not allow
aerobic nitrogen fixation (36), so that the dual mutation has a
Fox™ phenotype. Similarly, mutation of two protein kinase
genes, pkn30 and pkn44, but neither alone, results in a Fox™
phenotype (31). In short, a gene need not be a Fox gene to be
important for heterocyst formation or function, and a Fox
gene—while it need not be expressed only in heterocysts—
evidently has, in the presence of oxygen, some critical impor-
tance for heterocyst development or function but is not essen-
tial for growth on fixed nitrogen.

We have used transposon screening to identify Fox genes.
However, a transposon mutation that confers a Fox™ pheno-
type can also result from a combination of a spontaneous
mutation unrelated to the presence of the transposon and
antibiotic resistance conferred by the transposon or by a polar
effect of the transposon on downstream genes. That a trans-
poson-intercepted gene is a Fox gene can be verified by recon-
struction of the mutation or by complementation, provided
that the possibility of a polar effect is carefully considered.

We present 10 genes whose mutants have a Fox™ phenotype
and that have not previously been shown conclusively to be Fox
genes in Anabaena sp. Mutations in some of these genes result
in heterocysts that have structural abnormalities; some others
have metabolic defects. Bioinformatic analysis provides hints
as to what some of the latter defects may be. Considering that
approximately 75 Fox genes have been published (see Table S1
in the supplemental material), the 10 genes reported in this
paper represent more than 10% of the currently known Fox
genes. Additionally, if the estimate is correct that Anabaena sp.
has approximately 100 to 140 Fox genes (38), the majority of
Fox genes have been discovered, many of them by our trans-
poson mutagenesis screen (10, 11, 13, 17, 19, 37, 40).

MATERIALS AND METHODS

Cyanobacteria were grown, with shaking, in flask cultures of AA/8 liquid
medium, with or without nitrate (16a), or in medium AA, with or without nitrate,
solidified with 1.2% home-purified (Difco) Bacto agar (16a) and supplemented
with antibiotics as appropriate, at 30°C. Cultures were illuminated initially as
described previously (10, 17) and more recently with Philips F32T8/
TL741Universal/Hi-Vision lamps (ca. 30 pmol s™' m~?) (LI-COR Bioscience
light meter LI-250A). Mutagenesis with transposon Tn5-1063, screening of mu-
tants, complementation, and insertional mutagenesis were performed as de-
scribed previously (10, 17). Strains and plasmid constructions are listed in Table
1. Samples stained with an aqueous solution (17) of Alcian Blue (13a) were
visualized with a Wild M20 microscope and photographed with a Nikon CoolPix
4300 digital camera.

The evolutionary history of hisD was inferred using the neighbor-joining
method (29). The optimal tree with the sum of branch length of 8.38 is shown.
Bootstrap value (100 replicates) larger than 75% are shown above the branches
(12). The tree is drawn to scale, with branch lengths in the same units as those
of the evolutionary distances used to infer the phylogenetic tree. The evolution-
ary distances were computed using the Dayhoff matrix-based method (30) and
are in the units of the number of amino acid substitutions per site. All positions
containing gaps and missing data were eliminated from the data set (complete
deletion option). The final data set totaled 381 positions. Phylogenetic analyses
were conducted by using MEGA4 (34).
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RESULTS AND DISCUSSION

We present below information concerning 10 genes that we
have identified as Fox genes on the basis of corresponding
mutants that require fixed nitrogen to grow aerobically. Table
2 summarizes the information.

all1338. all1338 was intercepted by a transposon twice in our
mutagenesis study and is the last gene of a possible operon.
FQ1470, a strain with a mutation in this gene, was comple-
mented by pRL3007, which bears all1338 as its only intact
gene, implying that it is a Fox gene. The heterocyst envelopes
of FQ1470 and of a second all1338 mutant, FQ1265, are ab-
normal (Fig. 1a and b). In addition, internal vacuoles (Fig. 1a)
are more frequently observed in heterocysts of FQ1265 than in
FQ1470. All1338 is annotated as a hypothetical protein. It is
unique to, and conserved among, all 42 genomically sequenced
cyanobacteria from different taxonomic groups. It is rich in
aspartic and glutamic acids and appears to be soluble. No
function can now be assigned to Alr1338 on the basis of se-
quence similarity.

all1591. all1591 was intercepted by a transposon 12 times in
our mutagenesis study, one resulting mutant being FQ747. Its
downstream gene, all1590, is similarly oriented. FQ747 was
complemented by pRL3170, which carries all1591, and was not
complemented by pRL2879, which carries a//1590. PCR anal-
ysis of the complemented mutant, performed as described in
reference 17, showed that pRL3170 has, in part, integrated
into the genome of FQ747 upstream of the transposon and
provided no evidence of integration downstream of the
transposon. We conclude that only al/l1591 and not all1590
could have contributed to the complementation, implying
that all1591 is a Fox gene. An all1591 insertional mutant,
SR2813a, is also unable to grow in the absence of combined
nitrogen. FQ747 and SR2813a, when deprived of fixed nitro-
gen, have the same phenotype: the heterocyst envelope, as
seen with a microscope, ranges in shape from a slightly to
widely open horseshoe (Fig. 1c). all1591 is annotated as hisD.
hisD codes for histidinol dehydrogenase, an enzyme that cat-
alyzes the last step of histidine biosynthesis from 5-phospho-
ribosyl-a-pyrophosphate. Three of the four heterocyst-forming
cyanobacteria with a fully sequenced genome have two copies
of HisD, but Nostoc punctiforme has only a single copy, which
is similar to All1591. Phylogenetic analysis of HisD from cya-
nobacteria, with the protein from Escherichia coli as a refer-
ence, shows that All1591 and its orthologs from other hetero-
cyst-forming cyanobacteria cluster with HisD from Lyngbya sp.
and Trichodesmium erythraeum, cyanobacteria that are also
filamentous, whereas the other HisD copy, Alr3056 and its
orthologs, cluster with the homologs from E. coli and unicel-
lular cyanobacteria (Fig. 2). Interestingly, heterocyst-forming
cyanobacteria but no other cyanobacteria also have two copies
of hisC (corresponding to all4966 and alr2092 in Anabaena
sp.), coding for histidinol phosphate aminotransferase which
functions upstream of HisD in the metabolic pathway. Perhaps
heterocysts employ specialized enzymes for histidine biosyn-
thesis, although there is no evidence that either hisC gene is
required for heterocyst function. Why a modification of histi-
dine biosynthesis should affect heterocyst morphology (Fig. 1c)
is unclear. Microarray data (data in reference 7 analyzed by the
method in reference 41) showed that the expression of all1591
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristics and/or derivation®

Fox™ derivatives of Anabaena
sp. strain PCC 7120
FQ202
FQ204..
FQ211..
FQ228
FQ324
FQ384..
FQ406..

Bm" Nm" Sm*; alrl728::Tn5-1063

....Bm" Nm" Sm"; all1591::Tn5-1063

....Bm" Nm" Sm*; all3520::Tn5-1063

Bm" Nm" Sm"; all3278::Tn5-1063

Bm" Nm" Sm*; alrl728::Tn5-1063

....Bm" Nm" Sm"; al[3850::Tn5-1063

....Bm" Nm" Sm"; all4019::Tn5-1063

Bm" Nm" Sm"; all1591::Tn5-1063

Bm" Nm" Sm"; alr4311::Tn5-1063

....Bm" Nm" Sm"; all1338::Tn5-1063

....Bm" Nm" Sm*; all1338::Tn5-1063

Bm" Nm" Sm"; all[3582::Tn5-1063

Bm" Nm" Sm"; all4388::Tn5-1063

....Cm" Em"; mutation in all3850 resulting from single recombination with pRL2816a; see below
Cm" Em'; mutation in alr/728 resulting from single recombination with pRL2821; see below

Invitrogen Corp., received courtesy of J. C. Meeks
F~ mcrA A(mrr-hsdRMS-mcrBC) $&80lacZAMIS AlacX74 recAl endAl araD139 A(ara leu)7697
galU galK rpsL nupG N~

HBIOT oo F~ thi-1 hsdS20 (rg~ my™) supE44 recA13 ara-14 leuB6 proA2 lacY1 galK2 rpsL20 (Sm") xyl-5 mtl-1
Plasmids
ANCOT750 et Cm" Em'; Anabaena sp. chromosomal DNA from bp 4233705 to 4250432 in the BamHI
site of pRL838
ANCLO00 ...t Cm" Em'; Anabaena sp. chromosomal DNA from bp 3952462 to 3970608 in the BamHI
site of pRL838
ANCIS12 e Cm" Em'; Anabaena sp. chromosomal DNA from bp 2070875 to 2084189 in the BamHI
site of pRL838
ANPO042T ettt Ap"; Anabaena sp. chromosomal DNA from bp 5161083 to 5168600 in the BamHI site of pUCI18
anp00676 .... ...Ap"; Anabaena sp. chromosomal DNA from bp 4325494 to 4333569 in the BamHI site of pUCI18

Ap"; Anabaena sp. chromosomal DNA from bp 4640078 to 4648267 in the BamHI site of pUCI18

Ap"; Anabaena sp. chromosomal DNA from bp 5253901 to 5262374 in the BamHI site of pUC18

....Ap"; Anabaena sp. chromosomal DNA from bp 4321373 to 4329600 in the BamHI site of pUCI18

...Ap"; Anabaena sp. chromosomal DNA from bp 4241824 to 4248722 in the BamHI site of pUCI18

Ap"; Anabaena sp. chromosomal DNA from bp 1859242 to 1867412 in the BamHI site of pUCI18

Ap"; Anabaena sp. chromosomal DNA from bp 4833192 to 4840653 in the BamHI site of pUC18

....Ap"; Anabaena sp. chromosomal DNA from bp 1510438 to 1518550 in the BamHI site of pUCI18

...Ap"; Anabaena sp. chromosomal DNA from bp 1584150 to 1591582 in the BamHI site of pUCI18

Ap"; cloning vector (Promega Corp.)

Km?; cloning vector (27)

....Ap" Tc"; conjugative plasmid (10)

pRLS3S.... ...Cm" Em"; BAC vector (18) (GenBank accession no. AF403425)

PRL280T . Ap'"; internal fragment of all3850 amplified by PCR using genomic DNA from Anabaena sp. as
template and primers IDT147 (5'-TAAATTCTCAGGCAGCAGATGA-3") and IDT148 (5'-TG
TAACACCGATGATTCTGGAG-3'), cloned in pGEM-T Easy

PRL2807 o Ap'; internal fragment of alr1728 amplified by PCR using genomic DNA from Anabaena sp. as

template and primers IDT161 (5'-AATCTCGCTACTCGCTTACCAG —3’) and IDT162 (5'-GT

TTAGCATGACGGGGTTTAAG-3"), cloned in pGEM-T Easy

pRLA43 .

PRL2816A ... Ap" Cm" Em"; Pstl fragment containing C.CE3-oriT cassette from pRL2665b (17) transferred to
the Pstl site of pRL2801

PRL282T .o Ap" Cm" Em"; Pstl fragment containing C.CE3-oriT cassette from pRL2665b (17) transferred to
the Pstl site of pRL2807

PRL2831a . Sm" Sp’; P, 4-containing RSF1010 derivative (17, 40)

pRL2831b... ...Sm" Sp'; same as pRL2831a, but P, , oppositely oriented (17)

PRL2833a ... Cm" Em’; P, ,-containing pDU1 derivative (10)

PRL2833D e Cm" Em’; same as pRL2833a, but P, , oppositely oriented (10)

PRL2879 . Sm" Sp*; all1590, downstream of all1591, was excised as an Eael-Rsal fragment of anp03337 and
transferred between PspOMI and Stul of pRL2831a

PRL2888 ... Sm" Sp'; all4018-containing XmnI-Nhel fragment of anp04001 transferred between Xbal and Stul
of pRL2831a

PRL3006 ... Sm" Sp'; all3520-containing Hpal-Acc651 fragment of anp03035 transferred between Stul and
BsiWI of pRL2831a

PRL3007 . Sm" Sp'; all1338-containing HinclI-Eael fragment of anp04490 transferred between Stul and

PspOMI of pRL2831a

Continued on following page
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TABLE 1—Continued

Strain or plasmid

Relevant characteristics and/or derivation®

PRL3008 ... Sm" Sp*; all3582-containing HindIII-HinclI fragment of anp00676 transferred between HindIII and
Ecl1361I of pRL2831b

PRL3009 ... Sm" Sp*; all4388-containing Nlalll-HinclI fragment of anp02032 transferred between Sphl and
Ecl1361I of pRL2831b

PRL3026 .. Sm" Sp"; alr4311-containing Eco4711I-Nlalll fragment of anp00427 transferred between Ecl13611
and Sphl of pRL2831b

PRL3038 .. Sm" Sp"; all4019-containing SphI-HindIII fragment of anp04001 transferred between the same sites
in pRL2831b

PRL3050 .. Sm" Sp*; all3278-containing Nhel fragment of anc1006 transferred into BInl of pRL2831a

PRL3106 ... Km"; genes downstream of all3582 were excised as an XcmlI (blunted)-PstI fragment of anp02580
and cloned between Smal and PstI of pK18

PRL3ILI8 e Cm" Em'; genes downstream of all3582 were excised as a Sacl-Sphl fragment of pRL3106 and
transferred between the same sites in pRL2833b

PRL3132 e Km"; all4387-containing Spel-Cac8I fragment of anp02032 cloned between Xbal and
Smal of pK18

PRL3134 s Cm" Em"; genes downstream of all3520 were excised as a Sapl (blunt)-BsrGI fragment of anc0756
and transferred between Stul and BsiWI of pRL2833a

PRL3142 s Cm" Em'; all4387-containing PstI-Acc651 fragment of pRL3132 transferred between Nsil and

BsiWI of pRL2833a

PRL3ISS (o Ap" Cm" Em"; genomic DNA of SR2821 was digested with HindIII, religated, and transformed to
E. coli. Plasmids recovered on plates containing Cm contain pRL2821 and its neighboring

genomic sequences

PRL3T70 e Cm" Em"; all1591-containing Eael-Pvull fragment of anp03337 transferred between PspOMI and

Stul of pRL2833a

PRL3I7T o Cm" Em'; all3850-containing PstI-Dral fragment of anp00920 transferred between Nsil and Stul of
pRL2833a. This fragment extends 41 bp 3’ and 396 bp 5’ from all3850 (88 bp 3’ from the next

upstream orf, asl3851)

PRL3172 e Cm" Em'; all4018-containing Nsil-Xhol fragment of pRL2888 transferred between the same sites
of pRL2833a

PRL31I80 . Sm" Sp'; asl3849-containing Apal-Xmnl fragment, which overlaps the 3’ ends of neighboring
OREFs asr3848 and all3850, of anp00920 transferred between Apal and Stul of pRL2831a

PRL3810 .. Km" Nm'; the coliphage T7 terminator as a BamHI-BglII fragment of pET-3 (28) inserted into the
BamHI site at the end of the polylinker of pRL3040a (40)

PRL38IT o Km" Nm"; Sacl-Xhol fragment of pRL3171 transferred between the Sacl and Xhol sites
of pRL3810

PUCTS ettt Ap"; cloning vector (43)

“ Drug resistance is indicated by a superscript r. The drugs are abbreviated as follows: Ap, ampicillin; Bm, bleomycin; Cm, chloramphenicol; Em, erythromycin; Km,
kanamycin; Nm, neomycin; Sm, streptomycin; Sp, spectinomycin; Tc, tetracycline. Anabaena sp., Anabaena sp. strain PCC 7120; BAC, bacterial artificial chromosome.

increased significantly after 3 and 8 h of nitrogen deprivation,
whereas the expression of alr3056 did not. Similarly, the ex-
pression of hisC (alr2092) increased after 8 h of N deprivation,
and that of all4966 did not change significantly.

alr1728. alr1728 was intercepted by a transposon four times
in our mutagenesis study and so it is unlikely to be a false-
positive result. Because the gene downstream from alr1728 is
encoded on the opposite strand of DNA, if the phenotype-
causing mutation was within alr/728, no polar effect of the
transposon on the downstream gene would need to be consid-
ered. Strains FQ202 and FQ324 were complemented by plas-
mid ancl1512 (Table 1), implying that if the mutation causing
the phenotype is not in alr1728 (bp 2077564 to 2078901), it is
within 7 kb of that gene. Rather than continue with comple-
mentation, we took the alternative approach of reconstructing
the mutation, in this instance by homologous recombination
with an internal fragment of the gene. We thereby obtained
mutant strain SR2821 (Table 1). To determine whether the
mutational construction was actually within alr1728, genomic
DNA of the mutant was cut with HindIII, diluted, recircular-
ized by ligation, and transferred to E. coli by electroporation.
Because pRL2821 includes a replication origin and antibiotic
resistance determinants that function in E. coli and has sites for

HindIII only within its internal fragment of alr/728, we could
recover (as pRL3155) a portion of pRL2821 fused to a portion
of the flanking region of insertion. We thereby determined that
the insertion was within alr/728. SR2821 proved to be Fox ™,
showing that alr1728 is a Fox gene. Moreover, SR2821 shared
with transposon mutant FQ202 (Fig. 1d) the structural pheno-
type that some but not all of its heterocysts were visibly open
at one end.

Alr1728 is annotated as a hypothetical protein. The C-ter-
minal 2/3 of the protein belongs to COG2339 (35), which
includes membrane proteinases that regulate anti-sigma fac-
tors. Alr1728 may belong to a group of regulated intramem-
brane proteolytic (RIP) proteins (8) that posttranslationally
activate membrane-bound transcription factors (MTF) (16).
Ruanbao Zhou (S. Dakota State University) (personal com-
munication) is currently testing whether Alr1728 may interact
with Alr4305, a putative membrane-bound transcription factor.
The presence of such a Fox gene in Anabaena sp. suggests that
one or more RIP-MTF interactions may be important in het-
erocyst differentiation. (Due to an annotational error, Fox
gene All0187 [11] might, but should not, be interpreted as an
MTF [24].) The N-terminal 1/3 of Alr1728 contains a fork-
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FIG. 1. Light micrographs of mutant filaments deprived of
nitrogen on agar plates for 3 to 7 days and stained with Alcian Blue
before microscopic observation. (a) Strain FQ1265 (all1338); (b)
FQ1470 (all1338); (c) SR2813a (all1591); (d) FQ202 (alr1728); (e)
FQ228 (all3278); (f) FQ211 (all3520); (g) FQ1580 (all3582); (h)
SR2816a (all3850); (i) FQ406 (all4019); (j) FQ807 (all4311); (k)
FQ1595 (all4388); (1) wild-type Anabaena sp. Aberrant overall color-
ation resulting from differing intensities of illumination was partially
corrected with Adobe Photoshop CSS.

head-associated domain that may bind phosphoserine, phos-
phothreonine, or sometimes phosphotyrosine residues.
all3278. all3278 was intercepted by a transposon 7 times in
our mutagenesis study; its downstream gene is encoded on the
opposite strand of DNA. Strain FQ228, mutated in this open
reading frame (ORF), was complemented by pRL3050, im-
plying that it is a Fox gene. When deprived of fixed nitrogen,
heterocysts of FQ228 appear to have an open polar region in
at least one end (Fig. le). All3278 is annotated as a hypo-
thetical protein. Its product resembles Ykud domain en-
zymes (pfam03734), and its orthologs in N. punctiforme and
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FIG. 2. Phylogenetic analysis of 46 HisD sequences from cyanobac-
teria. The small black circles represent orthologs of All1591 in hetero-
cyst-forming cyanobacteria, and the small black triangles represent
their paralogs in the same organisms. HisD from E. coli (GenBank
accession no. BAA15851) was used as a reference. Strain abbrevia-
tions: A7120, Anabaena sp.; A29413B, Anabaena variabilis ATCC
29413; Amar, Acaryochloris marina MBIC11017; cya, Synechococcus
sp. OS type a'; cyb, Synechococcus sp. OS type b'; Gvi, Gloeobacter
violaceus PCC 7421; lyn, Lyngbya sp. strain PCC 8106; mae, Microcystis
aeruginosa NIES843; nod, Nodularia spumigena; Npun, Nostoc puncti-
forme ATCC 29133; S6803, Synechocystis sp. strain PCC 6803; S7942B,
Synechococcus elongatus PCC 7942; syp, Synechococcus sp. strain PCC
7002; TeBP1, Thermosynechococcus elongatus bpl; ter, Trichodesmium
erythraeumn IMS101. The bar indicates 0.1 substitution per site.

Anabaena variabilis are annotated as ErfK/YbiS/YcfS/YnhG
proteins. ErfK-like proteins are proteins that are involved in
cell wall synthesis; hence, this gene product may be required
for the cell wall reorganization that is thought to take place
during heterocyst differentiation (19, 42, 45).

all3520. all3520 was intercepted 3 times in our experiments.
It encodes an unknown protein that is unique to heterocyst-
forming cyanobacteria and contains a possible transmembrane
helix or signal peptide domain. The second in a sequence of 7
OREFs that have the same orientation, it begins only 20 bp 3’
from all3521, and so is presumably cotranscribed with that
gene. all3519, 224 bp 3’ from all3520, may have its own pro-
moter. pRL3006, whose only intact ORF is all3520, comple-
mented FQ211, whereas pRL3134, which bears the down-
stream genes, failed to complement FQ211. Therefore, all3520
appears to be a Fox gene. Remarkably, some heterocysts of
nitrogen-deprived FQ211 appeared to divide internally (Fig.
1f, lower right). In microarray experiments, the gene was up-
regulated at 3 h of nitrogen deprivation (data in reference 7
analyzed by the method in reference 41). No functional do-
mains could be identified using INTERPRO or Pfam searches,
but a low similarity to bacterial surface proteins is seen in an
iterative PSI-BLAST search (1). The relationship between the
unusual mutant phenotype of all3520 and the protein it en-
codes is unclear.
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all3582. all3582, intercepted 5 times in our experiments,
encodes a hypothetical protein that is highly conserved in many
cyanobacteria. It contains a signal peptide or a transmembrane
domain at its N terminus. The C terminus of the protein has
similarity to the glyoxalase superfamily of proteins (cl00411)
that contains some signal transduction and cell division pro-
teins. The gene is the first in a sequence of 5 similarly oriented
genes. FQ1580, mutated in this gene, was complemented by
pRL3008, a replicating plasmid whose only intact ORF is
all3582, and was not complemented by pRL3118, a plasmid
that bears the four downstream genes, implying that all3582 is
a Fox gene. Heterocysts of FQ1580 appear vacuolated and
sometimes granular (Fig. 1g).

all3850. Intercepted by a transposon 5 times in our experi-
ments, all3850 encodes an unknown protein that is conserved
in cyanobacteria but is otherwise unique. Plasmids pRL3171
and pRL3811 bear all3850, and pRL3180 bears the down-
stream gene, as/3849. Because all3850 mutant FQ384 was not
complemented by pRL3171, pRL3180, or both plasmids, the
mutation was reconstructed by insertional mutation with
pRL2816a. In the resulting Fox™ mutant, SR2816a, the het-
erocyst envelope appears unusually thick, and the polar bodies
are sometimes quite enlarged (Fig. 1h). SR2816a was also not
complemented by all3850 clone pRL3811, pRL3180, or both
plasmids. It is unclear why neither a/[3850 mutation was com-
plemented. All3850 has a peroxidase heme-binding signature
at positions 339 to 349 (ProSite PS00435) that includes a con-
served His residue that is involved in binding the ligand. After
nitrogen deprivation, expression of a/[3850 is upregulated at 3
and 8 h, but not at 24 h, compared to a culture maintained with
nitrate (data in reference 7 analyzed by the method in refer-
ence 41).

all4019. Intercepted 11 times in our transposon mutagenesis
experiments, all4019 is one of two genes in Anabaena sp. that
encodes a glucose-6-phosphate dehydrogenase (G6PD). Plas-
mid pRL3038 bears all4019 as its only gene, and compatible
plasmid pRL3172 bears all4018, the next gene downstream
from all4019, as its only intact gene. Strain FQ406, mutated
in all4019, was complemented by pRL3038 with or without
pRL3172, whereas pRL3172 alone failed to complement
FQ406. We conclude that if all4018 is a Fox gene, it is not the
sole Fox gene affected by the FQ406 mutation, implying that
all4019 is a Fox gene. all4018 is orthologous to opcA, a gene
that in Nostoc punctiforme is cotranscribed along with zwf. In
N. punctiforme, both genes are required for a Fox™* phenotype,
and opcA is required for the activity of G6PD, of which it is an
allosteric effector (14, 33). It is likely, then, that in Anabaena
sp. both genes, all4019 and all4018, are required for heterocyst
function. Although the transcript level of all4019 was signifi-
cantly higher 3, 8, and 24 h after nitrogen deprivation com-
pared to a nitrate-grown culture (data in reference 7 analyzed
by the method in reference 41), the mutant shows no unusual
morphological phenotype (Fig. 1i). Interestingly, not only is
zwf, an ortholog of all4019, required for heterocyst differenti-
ation in N. punctiforme (32, 33), but akinete-like cells can also
differentiate more abundantly in zwf mutants than in wild-type
N. punctiforme (4).

alr4311. alr4311, intercepted twice in our transposon mu-
tagenesis experiments, encodes a putative ATP-binding cas-
sette (ABC) protein. The gene is the last in a presumptive
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operon, downstream from three ORFs that encode hypothet-
ical proteins. It is also immediately downstream from nrrA
(all4312), a gene that on the opposite strand of DNA encodes
for a nitrogen-responsive response regulator that is important
in heterocyst differentiation (6, 7, 25). Strain FQ807, mutated
in alr4311, was complemented by pRL3026, a plasmid that
carries alr4311 as its only intact ORF, implying that alr4311 is
a Fox gene. Heterocysts of FQ807 appear normal or (as in Fig.
1j) vacuolated. Although Alr4311 itself contains no predicted
transmembrane domains, analysis of the predicted products,
Alr4309 and Alr4310, of its two upstream genes show that they
contain 4 and 3 transmembrane helices, respectively, suggest-
ing that these three proteins may jointly compose a transporter
(15). Because exporters normally contain the transmembrane
domain and the ABC on a single polypeptide and ABC pro-
teins that are not involved in transport normally contain two
fused ABC domains, it is likely that Alr4311 with Alr4309
and/or Alr4310 function as an importer (5). Even if this were
true, what they may transport is obscure.

all4388. Intercepted by a transposon as described earlier
(a21 [9, 22]) and intercepted 5 times in our more recent trans-
poson mutagenesis experiments, al[4388 encodes a putative
polysaccharide transporter that was described as a Fox gene
without the corresponding mutant having been complemented
or reconstructed (22). As described in reference 22 for mutant
a2l (Fig. 11), the envelopes of heterocysts of FQ1595, which
appear to retain a glycolipid layer, lack a polysaccharide layer
according to light microscopy and staining with Alcian Blue.
FQ1595 was complemented by pRL3009, whose only intact
Anabaena sp. ORF is all4388. It was not complemented by
pRL3142, which bears the downstream gene, all4387. These
results support the proposition (22) that all4388 is a Fox gene.
Expression of all4388 was upregulated 3, 8, and 24 h after
nitrogen deprivation, whereas many of the genes required
for deposition of HEP (17, 37) are first significantly upregu-
lated at 8 h (data in reference 7 analyzed by the method in
reference 41).

In summary, we have documented that 10 genes are required
for heterocyst differentiation or function in Anabaena sp.
These genes may be classified into three functional groups. (i)
Presumptive regulatory genes include alrl728, whose sequence
is similar to the sequences of known intramembrane proteo-
lytic proteins, and a/l[3520, which normally prevents internal
division of heterocysts. (ii) Genes that are involved in the
formation of structural elements of heterocysts include all3278,
which may be involved in cell wall reconstruction; all4388,
which is required for HEP deposition; and all1338, which
may affect deposition of the heterocyst envelope. (iii) Genes
that are involved in specialized heterocyst functions include
all1591, presumably required for histidine biosynthesis in het-
erocysts; all3850, whose presumptive peroxidase heme-binding
signature may be involved in sensing of reactive oxygen species
or of O, or in other redox reactions required for heterocyst
function; all4019, encoding glucose-6-phosphate dehydroge-
nase, thought to be required in heterocysts for the oxidative
pentose phosphate cycle and the transfer of electrons from
sugar to respiration or to assimilation of N, (33); and alr4311,
which may encode an importer of an unidentified ligand. The
role of all3582 remains obscure.
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