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cAMP promotes hyphal branching in Mucor globosus

that cAMP suppresses branch formation. In Phycomyces 
and Fusarium, on the other hand, exogenous cAMP 
increased branching (Tu and Malhorta 1977; Robson et al. 
1991).

Here, we examined the effect of cAMP on the branching 
of Mucor globosus A. Fisch. Many studies have been re-
ported on the effect of cAMP on yeast-like growth in Mucor 
(Orlowski 1991), but its role in branching has not received 
as much attention. A few reports indicate the negative ef-
fect of cAMP on hyphal branching in Mucor. Lubbehusen 
et al. (2004) showed that cAMP-dependent protein kinase 
A suppressed hyphal branching. Pereyra et al. (2003) re-
ported that the tripeptide Arg-Gly-Asp (RGD), which in-
teracts with the integrin receptor in vertebrates, increased 
branching, and that cAMP analogue reduced branching by 
overriding the effect of RGD. In this article, we show that 
cAMP promoted branching but suppressed germination 
from spherical cells.

Mucor globosus (IFO 6745) was grown on MYC medium 
containing 1% malt extract, 0.2% yeast extract, 0.2% casa-
mino acid, and 1.2% agar. Dilute spore suspension was 
dispersed over the surface of the agar medium. cAMP was 
dissolved in a few drops of distilled water and added to 
MYC medium to make the fi nal concentration of 10 mM. 
The plate was kept at 22°C. For the time-course experi-
ment, the plate was placed on the stage of a microscope and 
photographed every 30 min. Hyphal length and number of 
hyphal branch tips were determined on the photographs. 
Hyphal growth unit (HGU) is defi ned as follows (Caldwell 
and Trinci 1973): HGU = total length of a hypha/number of 
hyphal branch tips.

Cyclic AMP affected the growth pattern of the mycelia. 
Figure 1 shows representative growth patterns of the myce-
lia grown on a medium with or without cAMP. The myce-
lium grown on cAMP-free medium spread out more widely 
than that grown on cAMP-containing medium. Figure 2a,b 
shows the total hyphal length and the number of hyphal 
tips, respectively, in the mycelia grown on MYC agar me-
dium with or without cAMP. Both the total hyphal length 
and the number of hyphal tips of the mycelium increased 
exponentially in both cAMP-treated and -untreated myce-
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Abstract The growth pattern of Mucor globosus cultured 
on a medium with or without cyclic adenosine monophos-
phate (cAMP) was examined. Branching remarkably in-
creased in a mycelium grown on an agar medium containing 
cAMP. In submerged culture containing cAMP, some spo-
rangiospores grew spherically and formed yeast-like cells, 
and others showed hyphal growth. These hyphae showed 
septation and swelling and formed spore-like structures. 
When these hyphae were transferred to cAMP-free medi-
um, a germ tube emerged from each compartment. These 
results show that cAMP has two different effects on the 
development of hyphae: one is the promotion of branching, 
and the other is the suppression of polarized growth.
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Hyphal branching is an important character for the devel-
opment of a fungal colony. As a hypha elongates, new tips 
are formed near the apex of the tip by branching. Branching 
is affected by several environmental factors such as light, 
nutrients, and temperature (Lauter et al. 1998; Watters 
et al. 2000; Park et al. 2002). Regulators involved in polar 
tip growth, such as cytoskeletal components and secondary 
messengers, play important roles in branching. An actin 
mutant showed abnormal branching, indicating the impor-
tance of actin in branching (Virag and Griffi ths 2003). Cal-
cium ion promoted branch formation in Neurospora (Reissig 
and Kinney 1983). Cyclic adenosine 3’, 5’-monophosphate 
(cAMP) also affects branching in several fungi, but the 
effect is opposite among different fungi. In Neurospora, 
cAMP-defi cient mutants showed increased branching 
(Terenzi et al. 1974; Rosenberg and Pall 1979), indicating 

Used Mac Distiller 5.0.x Job Options
This report was created automatically with help of the Adobe Acrobat Distiller addition "Distiller Secrets v1.0.5" from IMPRESSED GmbH.You can download this startup file for Distiller versions 4.0.5 and 5.0.x for free from http://www.impressed.de.GENERAL ----------------------------------------File Options:     Compatibility: PDF 1.2     Optimize For Fast Web View: Yes     Embed Thumbnails: Yes     Auto-Rotate Pages: No     Distill From Page: 1     Distill To Page: All Pages     Binding: Left     Resolution: [ 600 600 ] dpi     Paper Size: [ 595.276 785.197 ] PointCOMPRESSION ----------------------------------------Color Images:     Downsampling: Yes     Downsample Type: Bicubic Downsampling     Downsample Resolution: 150 dpi     Downsampling For Images Above: 225 dpi     Compression: Yes     Automatic Selection of Compression Type: Yes     JPEG Quality: Medium     Bits Per Pixel: As Original BitGrayscale Images:     Downsampling: Yes     Downsample Type: Bicubic Downsampling     Downsample Resolution: 150 dpi     Downsampling For Images Above: 225 dpi     Compression: Yes     Automatic Selection of Compression Type: Yes     JPEG Quality: Medium     Bits Per Pixel: As Original BitMonochrome Images:     Downsampling: Yes     Downsample Type: Bicubic Downsampling     Downsample Resolution: 600 dpi     Downsampling For Images Above: 900 dpi     Compression: Yes     Compression Type: CCITT     CCITT Group: 4     Anti-Alias To Gray: No     Compress Text and Line Art: YesFONTS ----------------------------------------     Embed All Fonts: Yes     Subset Embedded Fonts: No     When Embedding Fails: Warn and ContinueEmbedding:     Always Embed: [ ]     Never Embed: [ ]COLOR ----------------------------------------Color Management Policies:     Color Conversion Strategy: Convert All Colors to sRGB     Intent: DefaultWorking Spaces:     Grayscale ICC Profile:      RGB ICC Profile: sRGB IEC61966-2.1     CMYK ICC Profile: U.S. Web Coated (SWOP) v2Device-Dependent Data:     Preserve Overprint Settings: Yes     Preserve Under Color Removal and Black Generation: Yes     Transfer Functions: Apply     Preserve Halftone Information: YesADVANCED ----------------------------------------Options:     Use Prologue.ps and Epilogue.ps: No     Allow PostScript File To Override Job Options: Yes     Preserve Level 2 copypage Semantics: Yes     Save Portable Job Ticket Inside PDF File: No     Illustrator Overprint Mode: Yes     Convert Gradients To Smooth Shades: No     ASCII Format: NoDocument Structuring Conventions (DSC):     Process DSC Comments: NoOTHERS ----------------------------------------     Distiller Core Version: 5000     Use ZIP Compression: Yes     Deactivate Optimization: No     Image Memory: 524288 Byte     Anti-Alias Color Images: No     Anti-Alias Grayscale Images: No     Convert Images (< 257 Colors) To Indexed Color Space: Yes     sRGB ICC Profile: sRGB IEC61966-2.1END OF REPORT ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Job Option File
<<     /ColorSettingsFile ()     /LockDistillerParams false     /DetectBlends false     /DoThumbnails true     /AntiAliasMonoImages false     /MonoImageDownsampleType /Bicubic     /GrayImageDownsampleType /Bicubic     /MaxSubsetPct 100     /MonoImageFilter /CCITTFaxEncode     /ColorImageDownsampleThreshold 1.5     /GrayImageFilter /DCTEncode     /ColorConversionStrategy /sRGB     /CalGrayProfile ()     /ColorImageResolution 150     /UsePrologue false     /MonoImageResolution 600     /ColorImageDepth -1     /sRGBProfile (sRGB IEC61966-2.1)     /PreserveOverprintSettings true     /CompatibilityLevel 1.2     /UCRandBGInfo /Preserve     /EmitDSCWarnings false     /CreateJobTicket false     /DownsampleMonoImages true     /DownsampleColorImages true     /MonoImageDict << /K -1 >>     /ColorImageDownsampleType /Bicubic     /GrayImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)     /ParseDSCComments false     /PreserveEPSInfo false     /MonoImageDepth -1     /AutoFilterGrayImages true     /SubsetFonts false     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>     /ColorImageFilter /DCTEncode     /AutoRotatePages /None     /PreserveCopyPage true     /EncodeMonoImages true     /ASCII85EncodePages false     /PreserveOPIComments false     /NeverEmbed [ ]     /ColorImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>     /AntiAliasGrayImages false     /GrayImageDepth -1     /CannotEmbedFontPolicy /Warning     /EndPage -1     /TransferFunctionInfo /Apply     /CalRGBProfile (sRGB IEC61966-2.1)     /EncodeColorImages true     /EncodeGrayImages true     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>     /Optimize true     /ParseDSCCommentsForDocInfo false     /GrayImageDownsampleThreshold 1.5     /MonoImageDownsampleThreshold 1.5     /AutoPositionEPSFiles false     /GrayImageResolution 150     /AutoFilterColorImages true     /AlwaysEmbed [ ]     /ImageMemory 524288     /OPM 1     /DefaultRenderingIntent /Default     /EmbedAllFonts true     /StartPage 1     /DownsampleGrayImages true     /AntiAliasColorImages false     /ConvertImagesToIndexed true     /PreserveHalftoneInfo true     /CompressPages true     /Binding /Left>> setdistillerparams<<     /PageSize [ 576.0 792.0 ]     /HWResolution [ 600 600 ]>> setpagedevice



188 

lia. However, the number of hyphal tips remarkably in-
creased in the mycelium treated with cAMP. HGU of these 
mycelia are shown in Fig. 2c. When the number of branches 
per fi xed hyphal length is increased, HGU is reduced 
(Caldwell and Trinci 1973). The length of HGU during the 
steady state was almost twice greater for the mycelium 
grown on normal medium than that for the mycelium grown 
on cAMP-containing medium, showing that cAMP pro-
motes the branching.

On the other hand, in submerged culture, which is 
favored for arthrospore formation (Barrera 1983), cAMP 
promoted spherical growth. In cAMP-containing medium, 
some spores showed spherical growth (Fig. 3a) and others 
showed hyphal growth. cAMP promoted the septation of 
the hypha to form small compartments (Fig. 3b). Each com-
partment gradually swelled, just as does yeast. When these 
hyphae were transferred to cAMP-free medium, a germ 
tube emerged from each compartment, just like a normal 
spore (Fig. 3c). This observation suggests that cAMP sup-
presses the polarized growth in M. globosus, as reported in 
other Mucor.

These results show that cAMP has two different effects 
on the development of hyphae in M. globosus: one is the 
promotion of branching, and the other is the suppression of 
polarized growth. Branching and the initiation of polarized 
growth share a common process in forming new growing 
tips. cAMP seems to have different functions between 
branching and the initiation of polarized growth.

Our data showed that cAMP promoted branching in M. 
globosus. This result seems to be inconsistent with results 
that indicated a negative effect of cAMP on branching. 
Pereyra et al. (2003) reported that the RGD increased 
branching and the cAMP analogue reduced branching by 
overriding the effect of RGD. This result suggests that 
cAMP inhibits branching. However, all the germ tubes 
swelled with treatment with RGD, indicating that the germ 
tube may keep a spore-like nature. Therefore, the action of 
cAMP in the RGD-treated mycelia may be on the process 
that establishes polarized growth. The initiation of polar-
ized growth was suppressed by cAMP in our experiment, 
also. That is, the different action of cAMP may be attri-
buted to the difference in the process that is affected by 
cAMP, on the branching process in our experiment and on 

the process that establishes polarized growth in the RGD-
treated mycelia.

Lubbehusen et al. (2004) also suggested a negative effect 
of cAMP on branching. They showed that overexpression 
of the regulatory subunit of PKA (PKAR) increased branch-
ing and discussed that the excess level of PKAR suppresses 
the cAMP-dependent protein kinase A cascade. In their 

Fig. 1.  Appearance of mycelia grown on cAMP-free (−cAMP) and 
cAMP-containing (+cAMP) medium for 15 h. Bar 500 µm

Fig. 2.  Total hyphal length, number of hyphal tips, and length of 
hyphal growth unit for the mycelia grown on cAMP-free (closed sym-
bols) and cAMP-containing (open symbols) medium
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experiment, however, PKAC, which is the catalytic subunit 
of PKA, also increased. Because they did not examine the 
effect of cAMP on branching directly, cAMP might pro-
mote branching in their systems. Otherwise, the different 
effect might be ascribed to the species used in the experi-
ments; that is, cAMP promotes branching in M. globosus 
but might suppress it in M. circinelloides and M. rouxii. 
Further study is necessary to clarify the function of cAMP 
on the growth of Mucor.
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Fig. 3.  Effect of cAMP on septation and swelling of hypha. a Yeast-
like cells in cAMP-containing medium. b Hypha in cAMP-containing 
medium. c New hypha emerged from each compartment approxi-
mately 4 h after transferring to cAMP-free medium. Bar 100 µm


