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Figure 3.5. Alkaline phosphatase activity for the transfer experiment with Synechococcus KD3a 
in P depleted cultures. APA was measured during 19 days after inoculation. 
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+",&24' K1)/' 8$*7"22' $%' 8*-/' 7"#$%&' "%3' .#&2/5"-&#'
&)*262-&72' $2' )*7(*2&3' (#&3*7$%"%-+6' *.' )6"%*8")-&E
#$"' LM' !' $%' 2$;&9' $%)+13$%0' -/&' 0&%&#"' !"#$%&'%'%%()'
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*.'#&2&"#)/'/"2'8&&%'.*)12&3'*%'-/&'0&%&-$)'"%3'(/62$*E
+*0$)"+' 8$*3$=&#2$-6' 8&-5&&%' 3$..&#&%-' ($)*)6"%*8")-&E
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&%=$#*%7&%-24'
' V.'-/&'($)*)6"%*8")-&#$"+')*#&'0&%*7&9'W/"C68"6&="'
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' S%' -/$2' ("(&#9'5&' &C-&%3' -/&' "%"+62$2' *.' -/&'&%-' 0&E
%&-$)'#&0$*%'-*'-/&'+&22'5$3&+6'2-13$&3'.#&2/5"-&#'($)*E
)6"%*8")-&#$"' *.' -/&' 0&%12' !"#$%&'%'%%()' 2((4' D/&2&'
*#0"%$272' 3*7$%"-&' *+$0*-#*(/$)' +")12-#$%&' &%=$#*%E
7&%-2' 8*-/' $%' %178&#2' Q\]^R' "%3' $%' *=&#"++' (#$7"#6'
(#*31)-$=$-6'QTR4'_#&2/5"-&#'7&78&#2'*.'-/&'0&%12'6$&+3'
2&=&#"+' (/6+*0&%&-$)' )+12-&#2' QYR9' 2*7&' *.' 5/$)/' "#&'
)*27*(*+$-"%9' 5/$+&' *-/&#' )+12-&#2' "((&"#' -*' &C/$8$-'
&%3&7$279'3*7$%"-$%0'$%'"'+$7$-&3'%178&#'*.'"Z1"-$)'
/"8$-"-2' QT9' @A9' @@R4' D/&' &%-' 0&%&' $2' (#&2&%-' $%' "++' $2*E
+"-&2' -&2-&3' "%3' &%)*3&2' -/&' $3&%-$)"+' >?' "7$%*' ")$3'
(#*-&$%'3&2)#$8&3' $%'7"#$%&'!"#$%&'%'%%()' 2((4'"%3'*+'5
%&,'+'%'%%()' 2((4'I2'/"2'8&&%' 2100&2-&3' .*#' -/&'7"#$%&'
.*#72'QXR9'&%-'7"6'8&'12&.1+'"2'"'(#*C6'.*#'Z1"%-$.6$%0'
!"#$%&'%'%%()'2((4' $%' +",&2'86'Z1"%-$-"-$=&'<`G4'_$%"++69'
5&'%*-&'-/&'&%-'0&%&'/"2'8&&%'#&-"$%&3'$%'-/&'*.(,/#$,,.6
%&+'7.3'-&'+.' ($)*)6"%*8")-&#$"+' &%3*2678$*%-' 0&E
%*7&9' 2100&2-$%0' -/"-' &%-' #&7"$%2' 1%3&#' 2&+&)-$*%'
.*++*5$%0' -/&' -#"%2$-$*%' -*' -/&' $%-#")&++1+"#'*#0"%&++"#'
&%=$#*%7&%-4'

Materials and methods 

Strains and growth conditions 
!"#$%&'%'%%()' 2((4' 2-#"$%2' :K' A\AX9' aUM"9' IG`E@@' "%3'
IG`E?@'5&#&'"%"+6;&3'.#*7'*1#')1+-1#&')*++&)-$*%'.#*7'
-/&' :"1#&%-$"%' F#&"-' :",&29' "%3' /"=&' 8&&%' 3&2)#$8&3'
(#&=$*12+6' QT9' @AR4' </6)*&#6-/#$%' N<bOE#$)/' :K' A\AX'5"2'
$2*+"-&3'.#*7'(&+"0$)'5"-&#2'*.':",&'K1(&#$*#9'5/&#&"2'
aUM"9'IG`E@@'"%3'IG`E?@'5&#&' $2*+"-&3' .#*7'-/&')&%E
-#"+'8"2$%'*.':",&'b#$&4'!"#$%&'%'%%()'2((4'aUM"'"%3'IG`E
?@' "#&' <bE#$)/9' 5/&#&"2' IG`E@@' $2' (/6)*)6"%$%' N<`OE
#$)/4' b")/' $2*+"-&' $2' "' 7&78&#' *.' "' 3$..&#&%-' )+12-&#'
"7*%0' -/&' .#&2/5"-&#' ($)*)6"%*8")-&#$"' QY9' @AR4' I++'
2-#"$%2'5&#&'0#*5%'$%'cFE@@'7&3$17'Q@?R'"-'?A' `'"%3'
"%' $##"3$"%)&' *.' @A' 7*+' Z1"%-"' 7]?'2]@4' S##"3$"%)&2'
5&#&'7"%$(1+"-&3' "2' #&Z1$#&3' -*' &C"7$%&' &%-' &C(#&2E
2$*%' $%' 3$..&#&%-' +$0/-' )*%3$-$*%24' _*#' -/&2&' &C(&E
#$7&%-29' $##"3$"%)&2' &7(+*6&3' 5&#&' @AA' 7*+' Z1"%-"'
7]?'2]@9'@A' 7*+'Z1"%-"'7]?'2]@'"%3'3"#,%&224'

PCR primers and conditions 
UHI'"%3'GHI'5&#&'(#&("#&3'.#*7')1+-1#&3'($)*)6"%*E
8")-&#$"' "2' 3&2)#$8&3' (#&=$*12+6' Q@MR4' D"8+&'@' (#&2&%-2'
2&Z1&%)&2' *.' -/&' <`G' (#$7&#2' "%3' -/&' 0&%&2' -"#0&-&3'
.*#' "7(+$.$)"-$*%4' <`G' "7(+$)*%2' 5&#&' )+*%&3' $%-*'
DV<V' (+"27$3' =&)-*#2' NS%=$-#*0&%O' (#$*#' -*' "1-*7"-&3'
2&Z1&%)$%0' 86' -/&' )/"$%' -&#7$%"-$*%'7&-/*34' G&=&#2&'
-#"%2)#$(-"2&' <`G' NGDE<`GO' 5"2' (&#.*#7&3' 5$-/' @A'%0'
-*-"+'GHI'12$%0'-/&'F*EF#&&%',$-'N<#*7&0"O'5$-/'2&+&)-'
(#$7&#'("$#2'.#*7'D"8+&'@4'K"7(+&2'.#*7'%*EGD')*%-#*+2'

5&#&'&+&)-#*(/*#&2&3' $%'("#"++&+'5$-/'GDE<`G'(#*31)-2'
-*')*%.$#7'-/"-'%*')*%-"7$%"-$%0'UHI'5"2'(#&2&%-4'

GenBank accession numbers 
UHI' 2&Z1&%)&2' *.' -/&' &%-' #&0$*%' .#*7' !"#$%&'%'%%()''
2((4':K'A\AX9'aUM"9'IG`E@@'"%3'IG`E?@'5&#&'3&(*2$-&3'
$%' F&%c"%,' 1%3&#' "))&22$*%' %178&#2' Fd?XM^@Y9'
Fd?XM^?A9'Fd?XM^?@'"%3'Fd?XM^??4'

Results and discussion 

PCR amplification of the hcp region  
of freshwater Synechococcus spp. 
<`G' (#$7&#2' ND"8+&'@O' 5&#&' 3&2$0%&3' 8"2&3' *%' "+$0%E
7&%-2'*.'&%-'"%3'21##*1%3$%0'0&%&2'.#*7'7"#$%&'($)*E
)6"%*8")-&#$"+'0&%*7$)'2&Z1&%)&24'H*'.#&2/5"-&#'!"#$5
%&'%'%%()'2((4'2&Z1&%)&2'5&#&'"="$+"8+&'.*#')*7("#$2*%4'
V5$%0' -*' -/&' #&7"#,"8+&' )*%2&#="-$*%' *.' 2&Z1&%)&2'
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$%0' 0&%&2' .#*7' .#&2/5"-&#' !"#$%&'%'%%()' 2((4' IG`E@@9'
IG`E?@9' :K' A\AX' "%3' aUM"' ND"8+&'@O4' I22&78+$%0' *=&#E
+"(($%0' 2&Z1&%)&2' *.' "7(+$)*%29' -/&' &%-' #&0$*%' *.' -/&'
.*1#'.#&2/5"-&#'2-#"$%2'5&#&')*7("#&3'N_$04'@O4'I2'$2'-/&'
)"2&' 5$-/' -/&' 7"#$%&' 2-#"$%29' -/&' 0&%&' *#3&#' $2' )*%E
2&#=&39' $%' -/"-' &%-' $2' +*)"-&3' 8&-5&&%' +-,01' "%3' 2,349'
"%3' $77&3$"-&+6' .+"%,&3' 86' -GHIED#(' "%3' -GHIEI2('
0&%&24'D/&'3&31)&3'[)('"7$%*'")$3' 2&Z1&%)&' $2' @AAB'
)*%2&#=&39'$%3$)"-$%0'"'(*+6(&(-$3&'*.'>?'"7$%*'")$32e'

?[H
f!b:U:d<FUggag:bKII:FPgGIGgSGgaKFFGg

ggdKUdFGb_DIGFHdgG:Sb<IF_G<f`VV['

' S-' 2/*1+3' 8&' %*-&3' -/"-' -/&'7"#$%&' ($)*)6"%*8")-&E
#$"+'0&%*7&2'"="$+"8+&'$%'F&%c"%,'$%3$)"-&'-/&'&%-'0&%&'
&%)*3&2' "' (*+6(&(-$3&' *.' Y\' "7$%*' ")$329' "2' -/&' &%-'
)*3$%0' #&0$*%' 5"2' "%%*-"-&3' -*' 8&0$%' "-' "%' $%E.#"7&'
7&-/$*%$%&')*3*%'>>'%1)+&*-$3&2'\ ' -*' -/&'2-"#-')*3*%'
12&3'$%'-/$2'("(&#4'D/$2'#&=$2&3'"%%*-"-$*%'$2' $%'"0#&&E
7&%-'5$-/'-/&'"%"+62&2'86'W/"C68"6&="'"%3')*++&"01&2'
QXR4' S-' $2' 7*#&' +$,&+6' -/"-' -/&' &%-' 0&%&' &%)*3&2' -/&'
27"++&#' >?' #&2$31&' (*+6(&(-$3&9' 8&)"12&' -/&' 1(2-#&"7'
"+-&#%"-$=&' 2-"#-' )*3*%' $2' +*)"-&3' $%' -/&'7$33+&' *.' -/&'
-GHIED#('0&%&4'
' `*7("#$%0' -/&' .*1#' 2&Z1&%)&2' .#*7' -/&' .#&2/5"-&#'
2-#"$%29' -/&'*%+6'%*-"8+&'3$..&#&%)&' $%'/*5'-/&'0&%&-$)'
#&0$*%' $2' *#0"%$;&3' $%' -/&2&' 2-#"$%2' $2' 2&&%' $%' 2-#"$%'
IG`E@@9'$%'5/$)/'-/&'$%-&#0&%$)'#&0$*%'8&-5&&%'&%-'"%3'
-GHIEI2('$2'*=&#'XAA'%1)+&*-$3&29'5/&#&"2'$%'-/&'*-/&#
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Table 1.  PCR oligonucleotide primers employed in this study. 

!"#$%"& '%()%*+%& ,%-#.*&/0"-%/%1&23,4566&7%()%*+%8&

[`<f@_' \ EIDFFIGDDFFID`DP`II``hFF' H1)+&*-$3&2'@E?M9'&%-'N.*#5"#3O'
[`<f@XAG@' \ EF`HFDFIIDD`H`FG```DFGD`' H1)+&*-$3&2'@M^E@@X9'&%-'N#&=&#2&O'
[`<f@XAG?' \ EF`HFDFFIIDD`H`FG``DDFGD`' H1)+&*-$3&2'@M^E@@X9'&%-'N#&=&#2&O'
[`<f@YAG@' \ ED`IFFFI`FFIIH``IF`HFFhD`' H1)+&*-$3&2'@TYE@>\9'&%-'N#&=&#2&O'
[`<f@YAG?' \ ED`IFFFI`FFIIH``HF`HFF' H1)+&*-$3&2'@TYE@>^9'&%-'N#&=&#2&O'
:@Yf_' \ EIIFFh`I``F`FDFIIG`IF`F`' MM'%1)+&*-$3&2'1(2-#&"7'.#*7'2-*(')*3*%'N.*#5"#3O'
I2(E-GHIfG' \ E``F``FDFI`IFFF`FFDF`D`' H1)+&*-$3&2'XXE?@9'I2(E-GHI'N#&=&#2&O'
D#(E-GHIf_' \ EIFFD`D``IIII``DFIDFD`FF' H1)+&*-$3&2'?TE\@9'D#(E-GHI'N.*#5"#3O'
F+-ifG' \ EF`DD`HF`FFDFDIH```ID' H1)+&*-$3&2'^Y\E^TX'2,34'N#&=&#2&O'

'

2-#"$%2'$-'$2'71)/'2/*#-&#'N_$04'@O4'I%"+62$2'*.'-/$2'XA^'8('
2&Z1&%)&' #&=&"+&3' "%' *(&%' #&"3$%0' .#"7&' *.' M@?''
%1)+&*-$3&2' 5/*2&' 3&31)&3' "7$%*' ")$3' 2&Z1&%)&'
6$&+3&3'%*' 2$7$+"#$-6' -*'(#*-&$%2' $%' -/&'F&%c"%,'3"-"E
8"2&4'
' U&2($-&' -/&' @AAB' )*%2&#="-$*%' *.' -/&' (*+6(&(-$3&'
2&Z1&%)&9' -/&' %1)+&*-$3&' 2&Z1&%)&' *.' &%-' 0&%&2' .#*7'
7"#$%&' "%3' .#&2/5"-&#' 2-#"$%2' #&.+&)-2' )/"%0&2' $%'
)*3*%'12"0&'"%3'F`')*%-&%-'2$%)&'-/&'3$=&#0&%)&'*.'-/&'
($)*)6"%*8")-&#$"+'+$%&"0&'QXR4'D/&'.#&2/5"-&#'&%-'0&%&2'
3&2)#$8&3'/&#&'#"%0&'.#*7'TA]T?B'$3&%-$)"+'-*'!"#$%&'5
%'%%()'2(4'P[T@A?'"-'-/&'%1)+&*-$3&'2&Z1&%)&'+&=&+9'"%3'
"=&#"0&' ^MB' $3&%-$-6' -*' &%-' .#*7' *+'%&,'+'%'%%()' 2(4'
!bUX4' V=&#"++9' -/&' )*7(+&-&' )*%2&#="-$*%' *.' -/&' (#*E
-&$%' "7*%0' -/&' ($)*)6"%*8")-&#$"' 3&7*%2-#"-&2' -/"-'
-/&' 0&%&' /"2' 8&&%' 1%3&#' 2-"8$+$;$%0' 2&+&)-$*%' (#$*#' -*'
-/&' 3$=&#0&%)&' *.' -/&' .#&2/5"-&#' ($)*)6"%*8")-&#$"'
.#*7'-/&'7"#$%&'.*#724'

Expression of hcp in Synechococcus sp. ARC-11 
D*' -&2-' 5/&-/&#' &%=$#*%7&%-"+' )/"%0&2' $%.+1&%)&' -/&'
&C(#&22$*%' *.' -/&' &%-' 0&%&9' 5&' 0#&5' !"#$%&'%'%%()' 2(4'

IG`E@@'1%3&#'"'="#$&-6'*.'0#*5-/')*%3$-$*%29'3&-&)-$%0'
-/&' (#&2&%)&' *.' &%-' -#"%2)#$(-2' 86' GDE<`G4' bC"7$%$%0'
-/&' &%-' &C(#&22$*%' 1%3&#' ="#6$%0' $##"3$"%)&29' GDE<`G'
"7(+$)*%2'5&#&'3&-&)-&3'$%'/$0/'+$0/-9'+*5'+$0/-'"%3'$%'
-*-"+'3"#,%&22'N_$04'?O9'$%3$)"-$%0')*%2-$-1-$=&'-#"%2)#$(E
-$*%' *.' &%-4' I33$-$*%"+' &C(&#$7&%-2' 7*%$-*#$%0' &%-'
-#"%2)#$(-2'1%3&#')*%3$-$*%2'*.'%$-#*0&%'"%3'(/*2(/*E
#12' +$7$-"-$*%9' "%3' 31#$%0' %1-#$&%-E#&(+&-&' 0#*5-/' -*'
2-"-$*%"#6' (/"2&' 6$&+3&3' %*' 3$..&#&%)&2' $%' &C(#&22$*%'
+&=&+'N3"-"'%*-'2/*5%O4'
' I33$-$*%"+' <`G' &C(&#$7&%-2' &C"7$%&3' -/&' )*-#"%E
2)#$(-$*%'*.'0&%&2'$%'-/&'&%-'#&0$*%4'GHI'.#*7'!"#$%&'5
%'%%()'2((4'P[T@A?'"%3'IG`E@@'6$&+3'GDE<`G'"7(+$)*%2'
$.'(#$7&#'2&-2'&C-&%3'.#*7'+-,01'-/#*10/'-GHIEI2(9'81-'
%*'"7(+$)*%2'"#&'3&-&)-"8+&'-/"-' $%)+13&'2,349'2100&2-E
$%0'-/"-'+-,01'"%3'&%-'"#&')*-#"%2)#$8&3'$%3&(&%3&%-+6'
*.'2,346N_$04'MO9'

A variant Hcp in retained  
in the Paulinella chromatophora endosymbiont 
P/&#&"2' &%-' /"2' %*-' 8&&%' $3&%-$.$&3' $%' "%6' *#0"%$27'
*1-2$3&' *.' -/&' ($)*)6"%*8")-&#$"+' )+"3&9' 5&' &C"7$%&3'

'

'
Figure 1.  Genetic organization of the hcp region in the four freshwater strains (Diagram modified from Zhaxybayeva et al. [4]). The number 
of nucleotides comprising tRNA-Trp, tRNA-Asp, hcp and the intergenic regions are indicated. The ARC-11 intergenic region between hcp 
and tRNA-Asp contains a small ORF (see Results and Discussion for details). 
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'
Figure 2.  Expression of the hcp gene in freshwater 
Synechococcus sp. ARC-11. RNA extracted from cultures exposed 
to different light regimes was amplified by RT-PCR, employing the 
hcp-specific primer set (HCP_F1 and HCP_140R1). Arrow indicates 
the presence of the 140 basepair hcp amplicon. Products were 
electrophoresed on 1% agarose gels. Lane 1, 100 bp ladder; lanes 
2–4, hcp expression from 24 h incubations in high light (HL; 
100 mol quanta m–1 s–1, dark and low light (LL; 10 mol quanta  
m–2 s–1), respectively; lanes 5–7, same cultures following 4 d incu-
bation; lanes 8–10, same cultures following 7 d incubation. Lane 
11, no template control. 

'
5/&-/&#' -/&' /6(&#)*%2&#=&3' (#*-&$%' )*1+3' 8&' (#&2&%-'
$%' "' (/*-*26%-/&-$)' &%3*2678$*%-' 2/"#$%0' )*77*%'
"%)&2-#6' 5$-/' !"#$%&'%'%%()' 2((4' D/&' "7*&8"' *.(,/#$,,.6
%&+'7.3'-&'+.')*%-"$%2'"%'*#0"%&++&'"#$2$%0'.#*7'"'(#$E
7"#6' &%3*2678$*2$2' 5$-/' "' ($)*)6"%*8")-&#$17' Q@X9'
@\R9' "%3' -/&' &%3*2678$*%-' 0&%*7&' N-&#7&3' "' )/#*E
7"-*(/*#&O' $2' 2$0%$.$)"%-+6' #&31)&3' )*7("#&3' -*' .#&&E
+$=$%0')6"%*8")-&#$"4'D/&')*7(+&-&'0&%*7&'2&Z1&%)&'$2'
"((#*C$7"-&+6' @'!89' &%)*3$%0' T>^' (#*-&$%' )*3$%0' 0&E
%&29' )*7("#&3' -*' -/&' )"4' M'!8' 0&%*7&2' *.' *=&#' M9AAA'
0&%&2' .*1%3' $%' .#&&E+$=$%0' !"#$%&'%'%%()' 2((4' Q@>R4' U&E
2($-&' -/&' .")-' -/"-' *=&#' ?jM' *.' -/&' ($)*)6"%*8")-&#$"+'
0&%*7&' /"=&' (#*=&%' -*' 8&' 3$2(&%2"8+&' $%' -/&' )/#*E
7"-*(/*#&9'-/&'26%-&%6'*.'-/&'&%-'#&0$*%'.#*7'+-,01'-*'
2,34'#&7"$%2'$%-")-9'2100&2-$%0'-/"-'&%-'#&7"$%2'1%3&#'
(*2$-$=&' 2&+&)-$*%4' H*-"8+69' -/&' 3&31)&3' (#*-&$%' 2&E
Z1&%)&'3$..&#2'"-'^'*1-'*.'>?'(*2$-$*%2' .#*7'[)(' .#*7'
.#&&E+$=$%0' ($)*)6"%*8")-&#$"' N_$04'XO9' 2100&2-$%0' -/"-'
-/&' &%3*2678$*-$)' &%=$#*%7&%-'7"6' $%' -1#%' /"=&' 2&E
+&)-&3' .*#' 2-#1)-1#"+' "%3' .1%)-$*%"++6' $7(*#-"%-' ="#$E
"8$+$-6'$%'-/&'(*+6(&(-$3&4'

Concluding remarks 
U&2($-&' -/&' &=*+1-$*%"#6' 3$2-"%)&' 8&-5&&%' .#&2/5"-&#'
!"#$%&'%'%%()9' 7"#$%&' !"#$%&'%'%%()' "%3' *+'%&,'+'%'%%()9'
-/&'&%-'0&%&'"%3'$-2'21##*1%3$%0'0&%&-$)'#&0$*%'#&7"$%'
$%-")-9' "%3' -/&' [)(' (*+6(&(-$3&' $2' @AAB' )*%2&#=&34'
D/129' [)(' $2' "%' "%)$&%-' -#"$-' 7"$%-"$%&3' $%' -/&' ($E
)*)6"%*8")-&#$"+' +$%&"0&' +*%0' 8&.*#&' -/&' 3$=&#0&%)&''
*.' .#&2/5"-&#' 2-#"$%2' .#*7' -/&' 7"#$%&' .*#724' F$=&%'
-/"-'-/&'($)*)6"%*8")-&#$"'#&(#&2&%-'*%&'*.'-/&'3&&(&2-'

'
Figure 3.  Cotranscription of hcp with rpl19 but not gltX. RNA from 
Synechococcus sp. ARC-11 and marine Synechococcus sp. 
WH8102 was extracted and amplified by RT-PCR with primers 
specific for rpl19 and tRNA-Asp (L19_F and GltX_R) and hcp and 
gltX (HCP_1F and GltX_R). In both species, the ca. 750 basepair 
amplicon corresponding to the hcp transcript contains rpl19 and 
tRNA-Asp, but no amplicons are detected that include gltX. NTC, no 
template control. 

 
8#"%)/&2' *.' -/&' `6"%*8")-&#$"9' 8#"%)/$%0' J12-' ".-&#'
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Figure 4.  Sequence comparison between Hcp from free-living picocyanobacteria (Pico) and the Paulinella chromatophore symbiont (Paul). 
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