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Abstract Many blue-light mediated physiological re-
sponses have been studied in the fern Adiantum capillus-
veneris. We have isolated genomic clones encoding
sequences similar to those encoding blue-light photore-
ceptors (cryptochromes) in higher plants using the
Arabidopsis CRY1 cDNA as a probe, and these positive
clones fall into five independent groups. Using RACE
procedures, we obtained full-length cDNA sequences for
three of these five groups. The deduced amino acid
sequences include the photolyase-homologous domain
in the N-terminal half, and they also contain a C-ter-
minal extension of about 200 amino acids in length.
These structural features indicate that the genes indeed
encode Adiantum cryptochromes and represent a small
gene family having at least three members.
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Introduction

Numerous physiological responses mediated by blue
light have been described in plants, including photo-
tropic responses, hypocotyl elongation, cotyledon
expansion, stomatal opening, chloroplast development,
anthocyanin biosynthesis and gene expression. How-
ever, the molecular components of the signal transduc-
tion pathways are still unknown. In 1993, Ahmad and
Cashmore isolated one of the blue-light photoreceptor
genes from Arabidopsis thaliana (Ahmad and Cashmore
1993) and they referred to the protein encoded by this
gene as CRY1 for the name of such photoreceptors,
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cryptochromes (Lin et al. 1995b). This gene was cloned
from a T-DNA tagged hy4 mutant line (hy4-2) that
showed a deficiency in blue light-dependent inhibition of
hypocotyl elongation. Using Ay4 mutant lines and
transformed tobacco overexpressing CRY1, they dem-
onstrated that this photoreceptor mediates not only
hypocotyl elongation but also anthocyanin accumula-
tion in germinating seedlings (Ahmad et al. 1995; Lin
et al. 1995a). The significant structural features of CRY1
are similarity to microbial type I photolyases in the N-
terminal 500 amino acids and an additional 180 amino
acid extension in the C-terminus.

So far, only three additional, distinct, presumptive
cryptochrome genes have been cloned: Arabidopsis
CRY2/PHHI (Lin et al. 1996b; Hoffman et al. 1996),
Sinapis SA-PHRI (Batschauer 1993) and Chlamydomo-
nas CPHI (Small et al. 1995). The CRY2 and PHHI
sequences were isolated independently; however, the
deduced amino acid sequences of these two genes are the
same and thus we assume that these two sequences
originated from the same locus in this work. The de-
duced amino acid sequences of the cryptochrome genes
show quite high similarities to CRY1 in their photo-
lyase-homologous regions. In addition, the CRY2
(Phhl) and CPHI sequences also have C-terminal ex-
tensions like CRY 1, but are less similar to CRY1 in this
region than in the photolyase domain. Since SA-PHR1
lacks a C-terminal extension, it is debatable whether it
should be referred to as a CRY1 homologue; however,
since SA-PHR1 does not show any photolyase activity
(Malhotra et al. 1995) we consider it to be a Sinapis
cryptochrome. To date, cryptochrome genes have been
identified in seed plants and a green alga; however, to
study blue light signal perception and transduction
mechanisms throughout the plant kingdom, more pho-
toreceptor gene sequences from other plant species are
required. Cryptogams, and especially mosses and ferns,
have well characterized blue light-mediated responses
(Wada and Kadota 1989). The identification and char-
acterization of their cryptochromes is thus of particular
interest.
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In the fern Adiantum capillus-veneris, photo-
morphogenic phenomena have been studied in detail
(Wada and Sugai 1994). The simple organization of
fern gametophytes has greatly facilitated physiological
observations at the cellular level. Blue light mediates
several responses in Adiantum gametophytes, such as
inhibition of spore germination (Sugai and Furuya
1985), inhibition of protonemal cell elongation (Kadota
et al. 1979), induction of apical swelling in tip-growing
cells (Wada et al. 1978), induction of phototropic re-
sponses (Hayami et al. 1986), regulation of cell cycle and
cell division (Wada and Furuya 1974; Miyata et al. 1979;
Furuya et al. 1997), and promotion of chloroplast
photo-orientation (Yatsuhashi et al. 1985; Kagawa and
Wada 1994). Further physiological analysis has dem-
onstrated the localization and dichroic orientation of the
photoreceptors (Wada and Furuya 1978; Miyata et al.
1979; Kadota et al. 1986; Yatsuhashi et al. 1987; Hayami
et al. 1992). In spite of the wealth of data, the nature of
the blue-light photoreceptors is still obscure. Here, we
report the isolation and characterization of crypto-
chrome-homologous genes from Adiantum. This is the
first report to identify cryptochrome gene homologues in
ferns, and indicates that cryptochromes in Adiantum are
encoded by a small gene family of at least three, and
perhaps five, members.

Materials and methods

Construction and screening of the genomic library

Adiantum genomic DNA was prepared from young sporophyte
leaves using the cetyltrimethylammonium bromide (CTAB) meth-
od (Doyle and Doyle 1987). For construction of the genomic
library, DNA was partially digested with Sau3Al and size-frac-
tionated on an agarose gel. Fragments of 15 to 20 kb were partially
filled with dATP and dGTP using the Klenow fragment of DNA
Polymerase I and ligated into the A FIX II Xhol-partial fill-in vector
(Stratagene). The ligated DNA was packaged using Gigapack Gold
II (Stratagene) and transformed into Escherichia coli XL1-blue
MRA(P2). Approximately 1.2x10° recombinant plaques were
transferred to Hybond N+ (Amersham) membranes according to
the manufacturer’s procedures. Membranes were hybridized to a
32p_labelled full-length cDNA fragment of Arabidopsis CRY1 (a
kind gift of Dr. A. R. Cashmore) at 60°C in 5 x SSPE, 5 x Den-
hardt’s solution, 0.5% SDS and 100 pg/ml denatured salmon
sperm DNA. These membranes were washed twice in 2 x SSPE,
0.1% SDS for 10 min at room temperature, then twice for 15 min
with 1 x SSPE, 0.1% SDS at 42°C. The final wash step was
0.1 x SSPE, 0.1% SDS at 42°C for 30 min. After plaque purifi-
cation, recombinant DNAs were prepared and analyzed by physi-
cal mapping and Southern hybridization. Genomic DNA
fragments which hybridized to Arabidopsis CRY1 cDNA were
subcloned into the pBluescript 11 SK vector (Stratagene) and se-
quenced. DNA sequences were determined using a Cycle sequence
core kit (Takara shuzo), synthetic internal primers and an ALF
Express automated DNA sequencer (Pharmacia Biotech).

3’-, 5-RACE for cDNA cloning
For RNA preparation, imbibed Adiantum spores were kept in

darkness for 4 days, then cultured for 3 days under red light to
obtain protonemal cells. RNA was selectively precipitated by

adding LiCl, a final concentration of 2 M, to total nucleic acids
prepared by the CTAB method described above. RNA was further
purified using a CsCl step gradient procedure (Ausubel et al. 1987).
This total RNA fraction was used in first-strand cDNA synthesis
for 3’- and 5-RACE. Both 3’- and 5-RACE procedures were
performed using the 3 RACE system for rapid amplification of
c¢DNA ends (GibcoBRL) and 5" RACE system for rapid amplifi-
cation of cDNA ends, Version 2 (GibcoBRL) according to the
manufacturer’s protocols. In 3’-RACE, the gene-specific primer
PHL3RA1 (5-AAYTTYCCMTTHAGVCATGA-3’) was used for
first-round amplification of the target DNA and PHL3RA2 (5'-
CCYYTDGTKGATGCHGGVATG-3’) was used for nested PCR
(Fig. 2A). The annealing temperature for first-round PCR was
55°C and for nested PCR was 60° C. Prior to the PCR, pream-
plification denaturation was performed for 3 min at 94°C. The
parameters for PCR amplification were 1 min denaturation at
94°C, 2 min at annealing temperature, and 3 min elongation at
72° C for 30 cycles. To obtain full-length amplified products, a final
extension at 72°C was performed for 7 min. After agarose gel
electrophoresis, the amplified fragments were recovered from the
gel, cloned into the pGEM-T easy vector (Promega) and sequenced
as described above. In 5-RACE, a gene-specific primer, 5-GSP1
(5-AGCTCAAYWCCAGCKGCACG-3"), was used for first-
strand cDNA synthesis. The other gene-specific primers for
first-round PCR were 411-GSP1 (5-CAGAGGGCAAGCGAGA-
GAG-3’), 9-GSP1 (5-ATCCTATCCAATTCATGACC-3") and
68-GSP1 (5-GATTATCCATTCGGTCCAG-3"), corresponding
to Adiantum CRYI1, CRY2, CRY3, respectively. For nested PCR,
411-GSP2 (5-GGTTGTCAATGCGATAGAGC-3’), 9-GSP2 (5'-
ACATCACTCTCCAAGTCTGC-3") and 68-GSP2 (5-AT-
ATGTACTGCCAACCAAGG-3") were synthesized for CRYI,
CRY2, CRY3, respectively (Fig. 2B). The parameters for PCR and
procedures for cloning and sequencing were the same as above.

DNA blot analysis

Five pg of genomic DNA was digested with EcoRV or Sacl,
fractionated on a 0.5% agarose gel, and transferred to Hybond
N+ (Amersham) membrane by the conventional capillary method
(Ausubel et al. 1987). Transcript-specific probes were prepared
using PCR products amplified with primers located on both sides
of the fourth intron (Fig. 3). The primer pairs used were: for Ad-
iantum CRYI, PHL4-3 (5-GCAAGAGGCTCATGA-
CAATGGGAG-3) and PHLA-11(5-ACCTGAATGGCTGCTAAGTC-

3), for CRY2, PHLY9-1 (5-GCACATGCGGCAA-GACGA-
TTCTCAAG-3) and PHLY9-3 (5-GTTACAACAA-
CCCTACAGTG-3), and for CRY3, PHL64 (5-

AGCAACGAATGGAGACATGG-3) and PHL6-8 (5-TCAT-
GAACTCAAGTCT-CAGC-3’). The PCR products were electro-
phoresed on an agarose gel, excised and purified from the gel, and
labelled with *?P[dCTP] using a random primer labelling kit
(Pharmacia Biotech). The membranes were hybridized with tran-
script-specific probes at 65°C in 5 x SSPE, 5 x Denhardt’s solu-
tion, 0.5% SDS and 100 pg/ml denatured salmon sperm DNA.
These membranes were washed twice in 2 x SSPE, 0.1% SDS for
10 min at room temperature, then once for 15 min with 1 x SSPE,
0.1% SDS at 65° C. The final wash step was with 0.1 x SSPE, 0.1%
SDS at 65°C for 30 min.

RT-PCR

Total RNA from light-grown young leaves of Adiantum spor-
ophytes was prepared by the procedure used for preparation of
RNA from protonemal cells described above. Two pg of total
RNA from gametophytes and sporophytes were reverse-tran-
scribed using Superscript 11 reverse transcriptase and AP primer
(5-GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTT-
3’) (GibcoBRL). An aliquot of the first-strand cDNA was used for
PCR amplification with transcript-specific primers, i.e. PHL4-3
and PHL4-11 for CRYI, PHL9-1 and PHLY9-3 for CRY2, and




PHL6-4 and PHL6-8 for CRY3 as described in DNA blot analysis.
As a control, genomic DNA was also amplified using the same
specific primers. The PCR parameters were: denaturation for 1 min
at 94° C, followed by 30 cycles of 10 s denaturation at 94°C, 1 min
annealing at 55°C, and 1 min extension at 72° C, with a final ex-
tension for 5 min at 72°C. Amplified products were electropho-
resed on a 2% agarose gel and stained with ethidium bromide.

Computer analysis

Multiple sequence alignments of nucleotide and amino acid se-
quences were performed using the Clustal W version 1.6 program
(Thompson et al. 1994). Hydropathy analysis was performed ac-
cording to Kyte and Doolittle (1982) using a window of 9 amino
acids. The DDBJ/EMBL/GenBank nucleotide sequence database
accession number for Escherichia coli phr is K01299, Arabidopsis
thaliana CRY1 is S66907, Arabidopsis thaliana CRY2 (PHH]) is
U43397 (U62549), Sinapis alba SA-PHRI is X72019, and
Chlamydomonas reinhardtii CPH1 is L07561.

Results

Genomic library screening and isolation
of cryptochrome cDNAs from Adiantum

To isolate cryptochrome-related sequences from
Adiantum, we first screened a genomic library of 1.2 x10°
recombinant phages. We used a full-length cDNA from
Arabidopsis CRY1 (Ahmad and Cashmore 1993) as a
probe and, after three rounds of plaque isolation and
purification, nine positive genomic clones were obtained.
Analysis by restriction enzyme digestion showed that
these clones could be divided into five independent
groups (Fig. 1). Southern analysis of these clones iden-
tified restriction fragments that hybridized with Arabi-
dopsis CRY1 cDNA (Fig. 1). We then subcloned these
restriction fragments into a phagemid vector and se-
quenced them. The fragments contain CRY1-related
sequences and all the homologous regions showed sim-
ilarity to type I photolyases (data not shown).

Based on these genomic sequences, we designed
degenerate primers for 3’-RACE to isolate cDNAs cor-
responding to each independent group (Fig. 2A). Since
we have observed many blue light-dependent photore-
sponses in Adiantum gametophytes, we extracted total
RNA from protonemal cells grown under red light and
used this as a template for first-strand cDNA synthesis.
After nested PCR with the primer PHL3RA2, we
obtained three groups of amplified fragments. The
nucleotide sequences of these fragments corresponded
to three of the five genomic clone groups, A-#4 and #11,
2-#9, and A-#6 and #8. To isolate the 5” ends of these
fragments, we performed the 5-RACE procedure using
gene-specific primers (Fig. 2B) and obtained amplified
fragments corresponding to all the 3’-RACE products.
As the result of the 3’- and 5-RACE, three independent
cDNAs were identified and these cDNAs encode poly-
peptides comprising 637 amino acids (Adiantum CRY1),
679 amino acids (Adiantum CRY2) and 718 amino acids
(Adiantum CRY3) (Figs. 3A, 4). Adiantum CRY1 cor-
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responds to the genomic group A-#4 and #11, CRY2
corresponds to A-#9, and CRY3 corresponds to A-#6 and
#8. Genomic Southern blot analysis using each gene-
specific probe (probes a, b, ¢) indicated that each gene is
present as a single copy in the haploid genome (Fig. 3B).
We determined the nucleotide sequences of the genomic
clones encoding CRYI, 2, and 3 in order to determine
the structure of these genes. Comparison of the cDNA
and genomic sequences revealed that the genes all con-
tain four introns (Figs. 3A, 4). While the length of the
intron at each position is variable, the intron positions
are similar. Furthermore, the position of the first intron
of Adiantum CRYs is exactly conserved in both Arabi-
dopsis CRY1 and CRY2 (PHH]I), and the third intron
insertion position is identical to the fourth intron site of
Arabidopsis CRY2 (PHH1) (Figs. 3A, 4).

Comparison of the Adiantum CRYs with blue-light
photoreceptors from higher plants and with microbial
photolyases

The deduced amino acid sequences of Adiantum CRY1,
2 and 3 were aligned with those of the Arabidopsis
cryptochromes CRYI and CRY2 (PHHI), and the
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EX X EX X
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A—#9
A—#6,—#8
SX E E E XS
| [ | 1]
A—#6
A—#8
A—#1,—#3,—#5
E E XE X EEES XEE SX XE
[ Ll 1 H U111l
A—#1
A—#3 P
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Fig. 1 Physical maps of nine Adiantum genomic clones hybridized
with Arabidopsis CRY1 cDNA. Isolated genomic clones are shown by
solid bars. Solid boxes indicate the restriction endonuclease fragments
which hybridize the Arabidopsis CRY1 cDNA probe. Recognition
sites for EcoRI (E), Sall (S) and Xhol (X) cleavage are indicated
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A Aracryl GTTTTAACCATCCATATTCCCATGAAAGACCACTTCTTGGCCATCTAAAGTTCTTCCCTTGGGCTGTGGATGAGAACTAT 990
* kk k% kKoK ok ok ok *
A-#4, #11 GTTTTAATTTCCCATTTACACATGAACGATCTCTGCTATCAAATTTGAAGTTTTTTCCTTGGCGAAACGATGAAGGCTAC
A-#9 GCTTCAACTTCCCCTTCACCCATGAGCGCTCCTTGCTCTATAACCTAAAGTTC TTTCCATGGCGGGTTGACGAGAGTTAT
A-#6, 48 GTTTTAATTTTCCCTTCACACATGAGAGATCTC TCCTCTCAAATTTAAAGTCATTCCCTTGGAGGGTCGATGAGGGGCTA
A-#1,#3,#5 GTTTCAATTTTCCATTCACCCATGAAAGGTCCCTCCTCTCCAATTTGAAGTCATTCCCTTGGAGAGTGGATGAAGGATTT
A-#2 GTTTCAACTTTCCCTTCACGCATGAGAGGCTTATACTGCAGAACAGGAGACCATTCCCATGGCGTGTGGATGAAGGCTTA
(5')AAYTTYCCMTTHAGVCATGA (3 ') :PHL3RAL
AraCRY1 TTCAAGGCATGGAGGCAAGGCCGGACTGGATATCCGTTGETCGATGCCGGGATGAGAGAGTTA TGGGCTACTGGTTGGTT 1070
* Kk * K kkhkkkk Khkhk kk hkkx Kk
M-#4, 411 TTTAAAGTGTGGAGGCAAGGGAGAACCGGGTATCCTCTGGTGGATGCTGGGATGAGAGAACTTTGGGCCACAGGATGGCT
A-#9 TTCAAAGC TTGGAGGCAGGGACGGACTGGGTATCCCCTGGTTGATGCCGGCATGAGAGAATTATGGGCAACTGGGTGGTT
A-#6, 48 TTTAAGGCATGGAGGCAAGGGCGCACTGGCTACCCTTTAGTGGATGCAGGAATGAGGGAATTGTGGGCTACAGGGTGGCT
A-#1,#3,#5 TTTAAAGCTTGGAGACAAGGAAGAACAGGATATCCTCTTGTGGATGCAGGAATGAGAGAATTGTGGGCTACTGGGTGGCT
A-#2 TTCAAAGCATGGCGGCAAGGTAGGACAGGGTATCCCCTTGTGGATGCAGGCATGCGCCAGATATGGGCCACTGGCTGGCT
(5') CCYYTDGTKGATGCHGGVATG (3 ') :PHL3RA2
B  Aracryl GATGCGGATTTAGAAAGCGATGCTCTTGGTTGGCAATACAT TACCGGTACTCTCCCGGATAGCCGGGAGTTTGATCGCAT 1247
kkkkk Kk Kk kk kkkkk kk kK
& §4 #11 TCTAGGATGGCAATACATCTCTGGAAGCTTGCCAGATGGT
L-#6, 48 GATGCAGATTTGGAGTCGGATAT
AraCRY1 AGATAACCCTCAGTTTGAAGGGTACAAGTTTGATCCAAATGGTGAATACGTAAGGCGATGGCTTCCTGAACTCTCTAGAC 1327
* Kk *ok ok ok Kk
A-#4, %11 CTCAATTGGAGGGTTATAGATATGACCCTTGTGGAGAGTACGTTCGTCGTTGGCTGCCTGAA%M%W d
-#9 TGACAATC CTCAGATTGAGGGCTATAAATTTGACCCTTATGGAGAATATGTGCGACGATGGTTGCCTGAGTTGTCACGGT
A-#6, #8 i ECTCAGACTGAAGGATACAAGCATGACCCTCTCGGTGAATATGTCCGGCGCTGGCTACCTGAGCTTGTTCGGT
AraCRY1 TCCCGACAGACTGGATACATCATCCGTGGAACGCACCTGAGTCCOTTCTTCAAGCTGCTGGTATCGAGCTTGGATCARAC 1407
* ok kkkhk kk kk kkk ok kk kkk *k kk ok k ok kkkokok k kkkkk hk kk kK
A-#4, #11 TETGAATGGATACACCATCCTTGGGATGCACCTCCTAATGTAC TTCGTGCAGC TGGAATTGAGCTTGGATCCAAT
A-#9 CTGAGTGGATACATCATCCATGGGATGCGCCTCCTAGTGTGC TTCGTGCTGC TGGAATTGAGC TCGGGTCAAAT
A-#6, 48 TACCCACAGAGTGGATTCATCACCCTTGGGATGCTCCTCCAGGTGTGCTGCGTGCCGCTGGTGTTGAGCTAGGGTCTAAT

Fig. 2A, B Alignment of nucleotide sequences of Arabidopsis CRY1
and Adiantum genomic clones. Nucleotides conserved in all the
sequences are indicated by asterisks. AraCRY1 indicates the
nucleotide sequence of the Arabidopsis CRY1 cDNA. A Degenerate
primers used for 3-RACE procedure (PHL3RA1, PHL3RA2) are
shown below the alignment. B A degenerate primer for first-strand
cDNA synthesis on 5-RACE (5-GSPl) is indicated below the
alignment as a complementary sequence. Gene-specific primers for
nested PCR are indicated by the shaded boxes (see Materials and
methods)

sequences of an approximately 500-amino acid domain
extending from the N-termini were found to be re-
markably similar to each other. In contrast, the C-
terminal portions of these sequences showed fewer
similarities (Fig. 4). Hydropathy profiles of the N-ter-
minal 500 amino acids of Adiantum CRYs were also
found to be quite similar to those of Arabidopsis CRY1,
CRY?2 (Phhl) and the E. coli photolyase (Fig. 5). The N-
terminal region of cryptochromes is known to be similar
to that of microbial type I photolyases (Ahmad and
Cashmore 1993; Lin et al. 1996b; Hoffman et al. 1996).
Thus, Adiantum CRYs contain an N-terminal photo-
lyase-homologous domain and a C-terminal extension,
like other plant cryptochromes. Based on these obser-
vations, we consider that each Adiantum CRY sequence
encodes a blue-light photoreceptor, or cryptochrome,
and refer to them as Adiantum cryptochrome (CRY)
genes /, 2 and 3. Similarity searches against sequence
databases detected no sequences that were highly
homologous to any of the C-terminal extensions of the
Adiantum CRYs. Although the C-terminal extensions of
cryptochromes show little similarity, these extensions all
contain the sequence motif DQMVP [DQQVP in
Arabidopsis CRY2 (Phhl)]. In addition, Adiantum
CRY3 contains the serine-rich region noted by Hoff-

(3") GCACGKCGACCWYAACTCGA (5 ') :5-@SP1
man et al. (1996) in Arabidopsis CRY! and CRY2
(Phh1) in its C-terminal extension.

Microbial type I photolyases contain two co-factors:
one is a light harvesting co-factor — either methenyl-
tetrahydrofolate (MTHF) or 8-hydroxy-5-deazaflavin
(8-HDF) — and the other is a catalytic co-factor, flavin
adenine dinucleotide (FAD) (Sancar 1994). Like type I
photolyases, the Arabidopsis CRY1 and Sinapis SA-
PHRI1 associate with FAD (Lin et al. 1995b; Malhotra
et al. 1995). Since several amino acid residues of the
photolyase have been predicted to bind co-factors based
on the crystal structure of the DNA photolyase from
E. coli (Park et al. 1995), we compared the amino acid
sequences of cryptochromes to that of the E. coli pho-
tolyase helical domain which contains the FAD binding
site (Fig. 6). Out of 12 amino acid residues that interact
with FAD in E. coli photolyase, 11 are conserved in all
cryptochromes; the exceptions are phenylalanine 233 of
Chlamydomonas CPH1 (E. coli Tyr222) and asparagine
359 of Arabidopsis CRY1 (E. coli Asn341). The non-
conserved residue, asparagine 378 of E. coli, is replaced
by aspartate in all the cryptochromes, although aspar-
tate is also present in the Halobacterium halobium pho-
tolyase at this position (Takao et al. 1989). The TGYP
motif is also found in all cryptochromes (Fig. 6). This
motif is conserved in all type I photolyases and lies in the
flavin-binding domain (Malhotra et al. 1992; Raibekas
and Jorns 1994). On the other hand, DNA-binding
amino acid residues are also predicted in the E. coli
photolyase based on the crystallographycal studies.
These residues are not well conserved between the E. coli
photolyase and cryptochromes; thus, tryptophan 277 of
the E. coli photolyase, which is presumed to be involved
in binding to DNA (Li and Sancar 1990) (Fig. 6) is not
found in the cryptochromes.



Gene expression

The isolation of three CRY sequences as cDNAs means
that at least three CRY genes are expressed in proton-
emal cells of Adiantum. This might be expected since
many blue light-mediated responses have been observed
in Adiantum gametophytes. In the diploid phase of
Adiantum, few blue light-dependent phenomena have
been observed, the best characterized being the blue
light-induced phototropic response in Adiantum cunea-
tum sporophytes (Wada and Sei 1994). To investigate
the expression of Adiantum CRY mRNAs in diploid
tissues, we performed RT-PCR using total RNA
prepared from young sporophyte leaves grown under
natural light. Figure 7 shows that transcripts corre-
sponding to CRYI, 2, 3 accumulated, not only in
gametophytes but also in sporophytes. In addition,
transcripts of CRY1, 2, 3 were similarly processed at the
fourth intron in both haploid and diploid tissues.

Discussion

Despite the fact that there are many blue light-mediated
responses in plants, to date, Arabidopsis is the only the
plant in which cryptochromes have been shown to be
encoded by a gene family. The Arabidopsis crypto-
chrome gene family comprises two members: CRY/ and
CRY2 (PHHI); however, it is difficult to believe that
these two genes could mediate all the divergent blue-
light responses in Arabidopsis. In fact, hy4 (cryl)
mutants show normal blue light-dependent phototropic
responses (Chory 1992; Liscum and Briggs 1995), and
CRY?2-overexpressing transformants do not demon-
strate any alterations in phototropic responses (Cash-
more 1997). Together, these observations imply the
existence of additional blue-light photoreceptor(s).
Recently, Huala et al. (1997) identified the Arabidopsis
NPHI (nonphototropic hypocotyl 1) gene, which en-
codes an essential component involved in phototropism;
however, which photoreceptor mediates the blue light-
dependent phototropic response is still unclear. In this
study, we have demonstrated that three cryptochrome
genes are expressed in Adiantum. We have also isolated

Fig. 3A, B Gene structure and Southern analysis. A Schematic
representation of the gene structure. Open boxes and shaded boxes
indicate untranslated and protein-coding regions, respectively. Intron
insertion positions are indicated by arrowheads together with the
intron lengths. The locations of gene-specific probes used for Southern
analysis are shown by the solid bars (a, b, c). Restriction sites for Sacl
(S) and EcoRV (E) are indicated. For comparison, the gene structures
of Arabidopsis CRY1 and CRY2 (PHHI) are also presented. B
Southern blot analysis of total Adiantum DNA hybridized with probes
specific for CRY1 (a), CRY2 (b), and CRY3 (c). DNA fragments
(5 pg) treated with restriction enzymes [Sacl (S), EcoRV (E)] were
fractionated on a 0.5% agarose gel and probed with radiolabelled
specific probes described above. The positions of the molecular size
marker are indicated on the left
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two additional independent genomic DNA fragments
which contain cryptochrome-homologous regions. This
is the first report of the isolation of cryptochrome-
homologous genes from ferns, and suggests that blue-
light signal perception through cryptochromes may be a
widespread mechanism, at least in vascular plants. Our
findings also indicate that cryptochromes in Adiantum
are encoded by a small gene family containing at least
three, and possibly as many as five, members, the largest
CRY family reported to date. The range of divergent
phenomena mediated by blue light in Adiantum is con-
sistent with a family size of greater than three members.
Adiantum CRYs are quite dissimilar to Arabidopsis
CRYs in their C-terminal extensions. A blue light-
induced phototropic response is also known to exist in
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Adiantum

A A
CRY2 424bp 96bp

Adiantum

CRY3 A A
488bp 1,360bp
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AJiCRYl  --—------- MACTI I T#e SPid IMRRAQSATISVLSQIIKQ) 90
AJiCRY2 ----MAAHTIVAHTI TIeA RRASNVLAALLEIK 96
AdiCRY3  -=-=-=--- MAKSCTV] IQED RV INANDTVSALLELVK! 92
AraCRY1 MSGSVSGCGSGGCSI AQIAD, RIAe TCE I TKRSTDSVASLLDVVKS 100
AraCRY2 = ------- MKMDKKTI S e S TLIQTHNTISAILDCIR 93
AdiCRY1 ATIEPEAPLIJRIKRITK---WPGIAATSPIED) 187
AJiCRY2 PAEPEAQIIIRIKRILK---FPGPSLSCSIE 193
AJiCRY3 PFEPESPLI}R3RRLT-~AAPAGIVHSLTPDE 190
AraCRY1l PYDPESPLI§g4KKIIS---5- deSKCVADP 195
AraCRY2 SIES—VML'PPWRLMPITAXAEAIWACSIEE 192
AdiCRY1 VSGPLMERAJVRQKVDSA' AKVIFHS VKEGNAD, NIL§gLR 287
AdiCRY2 INGSLM RQKVDSA! HK TIgHNVS VKEGRVE., IVNL§gLR 293
AdiCRY3 LAGPFLNMSRWRHEIDGP KVIgHS AKDGSML I MR 290
AraCRY1 INGPLLENSKWRRKADSA' KVIQHL ANEGNEA( LK 295
AraCRY2 IEKQLIDRAKWSKKVVGN R QC. ARDKNSE! IADLIJLR! 292
AJiCRY1 387
AdiCRY2 393
AdiCRY3 390
AraCRY1l 395
AraCRY2 392
AdiCRY1 487
AdiCRY2 493
AdiCRY3 490
AraCRY1 495
AraCRY2 492
AdiCRY1  AAATRAAFEGSLQG-VG--------------LEPSQADNMDIDRGPSDAPGRNLSDRSPH |sle My - - SMEMETGRPAAD--GVG--~-—-—=-=-==—===-~ 552
AdiCRY2  AADKATLANGLEEG-LGD-------TVEVQGMRNGFPANMDIDRGPG---EKALLVRSPH |Ble M#sNVGVRRSTTGAVQG-~-GAA- -~ ~~————=====-== 564
AdiCRY3 587
AraCRY1l  AASRAAIENGSEEG-LGD-------SAEVEEAPIEFPRDITMEETEP---TRLNPNRRYE [MeMWy--SITSSLIRPEEDEESSL-------=--=-—-—-—--— 566
AraCRY2  IMIGAAPDEIVADS-FE-----------------ALGANTIKE--PG-----LCPSVSSN [pe A%y - -SVVRYNGSKRVK-===-====---~-—-—-—=—-=——~ 544
AdiCRY1 -SHAS------- ERGAN-------— VQEAHDNGSAPVASRE-~-----—-—-==--— GGSCRRNWQPFKVGT------ VTPTLLRSHHLRTG--ITLSLPLQVY 616
AJiCRY2 —NQGSALQAVLREVPANG——HVQAVQAQSQRMAAPPMAMQNGYD———DTHSTAESTSARHWS—LAIGLPVWSQ—YVPVCLHMRQDDSQ——VPLVPDLHHG 654
AdiCRY3 STNFSAIRGVSKLSPGNRGDMVDTTEALRNTHSEPLPPVSDTN-~----- PMTES PR EQISSIKDDPPMIWVPAIAHQRPSSDFGCVPYAGDAEQL 681
AraCRY1 -NLRNSVGDSRAEVPRN- - - -MVNTNQAQQRRAEPASNQVTAMIPEFNIRIVAESTEDS §§§E§RRERSGGIVPEWSPGYSEQFPAASEENRIGGGS 659
AraCRY2 = -——-=---——-——-—— PEE------- EEERDMKKSRGFDERE SEVFF-----~ VSQSCSLASEGKN---LEGIQDSSDQ 601
AdiCRY1l  ---=-===-- QLGRAIGHLIQLCIRMTLRYL---~--- 637
AdiCRY2  --==—-——-- VMSRRLPHAPPMVNFEATKESSLSV~— 679
AdiCRY3 RKHLLILQNARTDDKVEDGVQLNGSQWARGSKRKAKS 718
AraCRYl ~ =---------- TTSSYLQNHHEILNWRRLSQTd[———— 681
AraCRY2  ---------- ITTSLGKNGCK-----=—=—===—=—-—— 612

Fig. 4 Alignment of the deduced amino acid sequences of crypto-
chrome genes. Residues conserved in all five sequences are marked
with black boxes containing white lettering. Intron insertion sites are
indicated by arrowheads. AdiICRY1, AdiCRY2, AdiCRY3, Ara-
CRY1, and AraCRY?2 indicate the amino acid sequences predicted by
Adiantum CRY1, Adiantum CRY2, Adiantum CRY3, Arabidopsis
CRY1, and Arabidopsis CRY2 (PHH]I), respectively. The nucleotide
sequence data reported in this paper will appear in the DDBJ/EMBL/
GenBank databases under the accession numbers AB012626 (Ad-
iantum CRY1 cDNA), ABO012627 (Adiantum CRY2 cDNA),
ABO012628 (Adiantum CRY3 cDNA), AB012629 (Adiantum CRY]
gene), AB012630 (Adiantum CRY2 gene), and AB012631 (Adiantum
CRY3 gene)

Adiantum, as in Arabidopsis. This evidence raises the
possibility that a cryptochrome responsible for blue
light-dependent phototropism in Adiantum may be
among the CRYs we have isolated.

Our previous work using polarized light and/or
microbeam irradiation demonstrated the intracellular
localization of blue-light photoreceptors in Adiantum.
Blue-light receptors involved in a shortening of the G1
phase, induction of cell division and inhibition of pro-
tonemal elongation are probably localized in or around
the nucleus (Miyata et al. 1979; Kadota et al. 1986;
Wada and Furuya 1978; Kadota et al. 1979). Receptors
that confer apical cell swelling, polarotropism and
chloroplast movement are localized on or close to the
plasma membrane (Wada et al. 1978; Hayami et al.

1992; Yatsuhashi et al. 1987). The deduced amino acid
sequences of the Adiantum CRYs do not contain char-
acteristic nuclear localization signal (NLS); however, it
is possible that Adiantum CRYs are imported into the
nucleus by attachment to other nuclear proteins. Lin
et al. showed that Arabidopsis CRY1 is a soluble protein
and contains no predicted hydrophobic domains (Lin
and Cashmore 1996; Lin et al. 1996a), but they did not
exclude the possibility that Arabidopsis CRY1 tran-
siently attaches to membranes. Computer analysis also
predicted no hydrophobic membrane-spanning domains
in Adiantum CRYs (data not shown), but the possibility
still remains that they associate with the plasma mem-
brane using some other anchoring mechanism. If the two
additional cryptochrome-related sequences in the
Adiantum genome are expressed and show structural
similarity to cryptochrome, their gene products might
also contain NLS or membrane-spanning domains.
Sequence similarities between cryptochromes and
microbial type I photolyases suggest that the basic
mechanism for absorbing blue light photons and trans-
ferring electrons may be the same in both photorecep-
tors. It is particularly noteworthy that almost all the
amino acid residues that interact with FAD in the E. coli
photolyase are conserved in cryptochromes. The TGYP
motif that is thought to be involved in formation of the
chromophore-binding pocket in both photolyase and
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Fig. 5 Hydropathy profiles of cryptochromes and microbial photo-
lyase. Hydropathy analysis was performed according to Kyte and
Doolittle (1982) with a window size of 9

Arabidopsis CRY 1 (Ahmad et al. 1995) is also conserved
in all cryptochromes. This evidence supports the hy-
pothesis that the information from blue light signals
perceived by cryptochromes is transmitted to their signal
transduction pathways via electron donation from the
FAD.

Ahmad et al. (1995) emphasized the critical impor-

function, because they found seven point mutations that
mapped to this region. We found the DQMVP motif in
this variable C-terminal region of cryptochromes. Two

Fig. 6 Alignment of amino acid sequences around the putative
chromophore-binding site. Amino acids predicted to interact with
FAD are marked by the black boxes containing white lettering.
Residues presumed to interact with DNA are shown by shaded boxes.
The TGYP motif is indicated by asterisks. E. coli, AdiCRY]1,
AdiCRY2, AdiCRY3, AraCRY1, AraCRY2, Sinapis and Chlamy
indicate the amino acid sequences predicted by E. coli phr, Adiantum
CRYI1, Adiantum CRY2, Adiantum CRY3, Arabidopsis CRY1,
Arabidopsis CRY2 (PHH1), Sinapis alba SA-PHRI and Chlamydo-
monas CPHI, respectively

tance of the C-terminal extension for Arabidopsis CRY1 V¥
E.coli EKAATAQLRQFCONGAGER§EQQRDF PAVECEIEREGA SLATGGLS PROCLHR LLAEQPQA - LDGGAGSV -~~~ = w271
AdiCRYl  WANADRALEAFVSGPLMEFASNRQKVDSA! HLHYGELSVRKVFHSVRMKQVLWVKEGNADAEESVNLF 282
AdiCRY2 WANADRALESF ING SLM g%QKVDSA HLHYGEVSVRKIFHNVRMKOVLWVKEGRVEAEESVNLF 288
AJiCRY3 WSNADKALEAFLAGPFLNF{SRNREEIDGP HLHFGEVSVRKVFHSVRRLOVLWAKDGSMLGEESINYF 285
AraCRYl  WSNGDKALTTFINGPLLERSKNERKADSA HLHFGEVSVRKVFHLVRIKQVAWANEGNEAGEESVNLF 290
AraCRY2 WSNADKLLNEF IEKQL IDP§AKNSKKVVGN. YLHFGEISVRHVFQCARMKQIIWARDKNSEGEESADLF 287
Sinapis  WSNADKILNEFIEKQLIDMAKNSKKVVGN. YLHFGEISVRRVFQCARMKQIIWARDKNGEGEESADLF 286
Chlamy VGGATSELEHFLAERLTEFEHDRAKVDRDS WIHIGSISVRYIFYRVRQCOAEW- LAAGTDRAQSCDDF 287
E.coli L IR EFERHL I TYHPSLCKHRPF TAWTDRVQ[JOSNPAHLOAWQ EGKTGY PIVDAAMRQLNS TG 345
= = * Kk kK
AdiCRY1 LRSIGLREYSRYL-CFNFPFTHERSLLSNLKFFPJRNDEGYFKVWR QGRTGYPLVDAGMR ELWATGIILHNE I} 355
AdiCRY2 LRSIGFREYSRYL-SFNFPFTHERSLLYNLKFFP|JRVDESYFKAWR OGRTGYPLVDAGMRELWATGULHNO Il 361
AJiCRY3 MRS IGFREYSRYL-CFNFPFTHERSLLSNLK SFPJJRVDEGLFKAWR QGRTGY PLVDAGMR ELWA TG LHYVRVE 358
AraCRY1 LKSIGLREYSRYI-SFNHPYSHERPLLGHLKFFP|JAVDENYFKAWR QGRTGYPLVDAGMRELWATGULH 363
AraCRY2 LRGIGLREYSRYI-CFNFPFTHEQSLLSHLRFFP|JDADVDKFKAWR QGRTGYPLVDAGMRELWATG 360
Sinapis LRGIGLRDYSRII-CFNFPFTHEQSLLSHLRFFPIDADVDKFKAWR QGRTGYPLVDAGMRELWATG 359
Chlamy LQOMGYREYSRYL-AFHFPFTHERSLLGHLRACP|JR IDQHAFKAWR QGQTGYPTVDAAMRQLWS SGY 360
E.coli ITASFLVKDLLIDWREGERYFMSQL IR AASNGGHOFAASTGTDAAPYFRIFNPTTQGEKFDHEGEF IRQWL 419
AdiCRYL IVSSFFVKFLQLPWRWGMK YFWDTLLEABLESDVLGWQY ISGSLPDGHELYRIDNPQLEGYRYDPCGEYVRRWL 429
AdiCRY2 IVSSFCVKFLOLPWRWGMKYFWDTLLBARLESDVLGWQY I SGSLPDGHELDRIDNPQIEGYKFDPYGEYVRRWL 435
AJiCRY3 IVSSFCVKFLOLPWRWGMKYFWDTLLIARLESDILGWQY I SGSLPDGHELDRMDNPQTEGYKHDPLGEYVRRWL 432
AraCRYl  VVSSFFVKVLOLPWRWGMKYFWDTLLISABRLESDALGWQYITGTLPDSREFDRIDNPQFEGYKFDPNGEYVRRWL 437
AraCRY2 IVSSFAVKFLLLPWKWGMKYFWDTLLISALECDILGWQY ISGS TPDGHELDRLDNPALQGAKYDPEGEYIRQWL 434
Sinapis IVSSFAVKFLLLPWKWGMKYFWDTLLISARLECDT IGWQY ISGSLPDGHELDRLDNPAIQGAKYDPEGEYIROWL 432
Chlamy VAASFLVKDLLLPWOWGLKHYWDAQT ABLECDALGWQYVSGGMSDAHPFSYMMDLEKEARRFDPDGEYVRRWL 434
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Fig. 7 RT-PCR analysis for Adiantum CRYs transcripts. Total RNA
was isolated from protonemal cells (n) and young leaves of
sporophytes (2n). RT-PCR was performed with the gene-specific
primers on both side of the fourth intron (see Materials and methods).
As a control, genomic DNA was also amplified with the same specific
primers (g). The products were fractionated on a 2% agarose gel and
stained with ethidium bromide. A 100-bp ladder marker was
electrophoresed alongside the products (M) yielding the scale shown
on the left

HYA4 alleles (hy4-3, hy4-9) in Arabidopsis contain this
motif (Ahmad and Cashmore 1993; Ahmad et al. 1995).
In hy4-9, the proline residue of this motif is replaced by
leucine although the CRY1 protein expression level is
the same as that of wild type. These results indicate that
this amino acid substitution has an effect on the signal
transduction pathway via CRY1 and causes a decrease
in the inhibition of hypocotyl elongation and ant-
hocyanin biosynthesis. Therefore, it is of great interest to
analyze the intramolecular function of this motif in
cryptochromes.

The domain structure of cryptochrome is quite similar
to that of the red/far-red light photoreceptor phyto-
chrome. They both have a highly conserved domain in-
volved in chromophore binding in their N-terminal
regions, while the C-terminal domains are presumed to
be concerned with substrate interactions (Furuya 1993;
Clack et al. 1994). A question of great interest for the
phylogenetic relationships of cryptochromes is whether
diversification of cryptochrome genes in Adiantum oc-
curred after the origin of seed plants, as in the case of
phytochromes (Mathews and Sharrock 1997), and thus,
whether there is any relationship between the crypto-
chromes from cryptogams and cryptochrome subfami-
lies in Arabidopsis (or seed plants). Answers to these
interesting questions await the identification of
more cryptochrome gene sequences from other plant
species.
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