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ABSTRACT 

 

Physcomitrella patens is a simple model plant belonging to the bryophytes, which 

diverged from the tracheophytes approximately 500 million years ago.  The leaves of the 

moss are similar in form to vascular plant leaves although leaves evolved independently 

in the bryophyte and tracheophyte lineages.  Close examination of the morphology of 

Physcomitrella leaves and investigation of the morphogenetic processes that result in the 

leaf form and of the hormonal and genetic regulation of those processes will elucidate the 

evolutionary trajectory of moss leaves. 

Photomicroscopy and measurement of moss leaves were performed to provide 

detailed descriptions of leaves in strains of Physcomitrella that exhibited normal and 

aberrant morphology.  Low concentrations of two major phytohormones, auxins and 

cytokinins, were applied to growing moss cultures to investigate their effects on leaf 

morphogenesis.  A bioinformatic analysis of homologues of vascular plant genes that are 

involved in leaf development was performed to identify candidate genes that may have 

been co-opted for regulation of leaf morphogenesis during the early course of plant 

evolution. 

The transition from the basal leaf form to the adult form is gradual for all of the 

heteroblastic features of Physcomitrella leaves with the possible exception of the midrib.  

Low concentrations of exogenous auxin and cytokinin stimulate cell expansion and cell 

divisions respectively and auxin may be a key regulator of leaf heteroblasty.  

Homologues of almost all tracheophyte genes that are known to be involved in leaf 

morphogenesis are present in the Physcomitrella genome.  However, few of the 
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Physcomitrella homologues exhibit both a high degree of sequence similarity to the 

vascular plant genes and high levels of expression in leaves.  Of these, class I and class II 

homeodomain-leucine zipper genes are predicted to play key roles in leaf development in 

the moss.  Other genes may have been co-opted to regulate the processes of cell division, 

cell expansion and adaxialization/abaxialization of the midrib in bryophyte leaves.  

Preliminary models of auxin-cytokinin activity and of genetic and hormonal regulation of 

leaf morphogenetic processes in Physcomitrella provide testable hypotheses for further 

investigation. 

  



iii 

 

ACKNOWLEDGEMENTS 

I would like to thank Dr. N. W. Ashton for introducing me to the fascinating 

plant, Physcomitrella patens, and for guiding this project.  I would also like to thank the 

members of my committee for their interest, encouragement and support.  Generous 

funding has been provided by the Natural Sciences and Engineering Research Council 

(CGS-M, PGS-D) and by the Faculty of Graduate Studies and Research in the form of 

enhancement awards and student teaching assistantships. 

  



iv 

 

DEDICATION 

 

This thesis is dedicated to my mother, my inspiration. 

  



v 

 

TABLE OF CONTENTS 

 

ABSTRACT ........................................................................................................................ i 

ACKNOWLEDGEMENTS ............................................................................................ iii 

DEDICATION.................................................................................................................. iv 

LIST OF TABLES ............................................................................................................ x 

LIST OF FIGURES ......................................................................................................... xi 

LIST OF APPENDICES ............................................................................................... xiv 

LIST OF ABBREVIATIONS ........................................................................................ xv 

1 INTRODUCTION.......................................................................................................... 1 

1.1 Land plant leaves ................................................................................................................... 1 

1.2 Leaf morphology .................................................................................................................... 1 

1.2.1 Common and diverse features of leaf morphology ......................................................... 1 

1.2.2 Leaf shape and size ......................................................................................................... 2 

1.2.3 Simple and compound leaves .......................................................................................... 3 

1.2.4 Leaf vasculature .............................................................................................................. 3 

1.2.5 Stomata ........................................................................................................................... 5 

1.2.6 Trichomes ....................................................................................................................... 5 

1.2.7 Cuticle ............................................................................................................................. 6 

1.2.8 Phyllotaxy ....................................................................................................................... 6 

1.2.9 Leaf morphology in major land plant taxa ...................................................................... 7 

1.2.10 Leaf nomenclature ........................................................................................................ 9 

1.3 Plant development .................................................................................................................. 9 

1.3.1 Apical growth ................................................................................................................ 10 

1.3.3 Determinacy in leaves ................................................................................................... 12 

1.3.4 Patterning in leaf development ..................................................................................... 13 

1.3.5 Development of leaf vasculature ................................................................................... 14 

1.3.6 Growth of leaves ........................................................................................................... 14 

1.3.7 Leaf heteroblasty ........................................................................................................... 15 

1.4 Hormones involved in leaf development ............................................................................. 18 

1.4.1 The roles of auxins in plant development ..................................................................... 18 

1.4.2. The role of auxin in acid growth .................................................................................. 19 



vi 

 

1.4.3 The role of auxin in vascular patterning ....................................................................... 19 

1.4.4 Cytokinins ..................................................................................................................... 21 

1.4.5 Auxin-cytokinin interactions......................................................................................... 21 

1.4.6 Gibberellins. abscisic acid, jasmonates, ethylene and brassinosteroids ........................ 21 

1.5 Genes involved in leaf development .................................................................................... 22 

1.5.1 Gene nomenclature ....................................................................................................... 22 

1.5.2 Maintenance of the SAM and differentiation of leaf primordia.................................... 23 

1.5.3 WUS and CLV ............................................................................................................... 23 

1.5.4 KNOX and ARP ............................................................................................................. 24 

1.5.5 Specification of adaxial and abaxial domains in leaves ................................................ 25 

1.5.6 Regulation of development of leaf vasculature ............................................................. 26 

1.5.7 Regulation of leaf size .................................................................................................. 27 

1.5.8 Regulation of development of the leaf cuticle, stomata and trichomes ........................ 28 

1.6 Plant evolution ..................................................................................................................... 29 

1.6.1 Leaf evolution ............................................................................................................... 30 

1.7 Evo-devo .............................................................................................................................. 31 

1.8 The moss, Physcomitrella patens ........................................................................................ 31 

1.8.1 Physcomitrella leaves ................................................................................................... 32 

1.8.2 Leaf heteroblasty in Physcomitrella ............................................................................. 33 

1.8.3 Leaf morphogenesis in Physcomitrella ......................................................................... 33 

1.8.4 Aberrant leaf morphology in Physcomitrella ................................................................ 33 

1.8.5 Phytohormones in Physcomitrella ................................................................................ 34 

1.8.6 Genetic regulation of leaf development in Physcomitrella ........................................... 35 

1.8.7 Advantages of Physcomitrella as a model organism .................................................... 36 

1.9 Rationale .............................................................................................................................. 37 

1.10 Objectives .......................................................................................................................... 38 

2. MATERIALS AND METHODS ............................................................................... 40 

2.1 Strains of Physcomitrella ..................................................................................................... 40 

2.2 Culture conditions ................................................................................................................ 41 

2.3 Application of exogenous hormones.................................................................................... 41 

2.4 Staining, photomicroscopy and measurement ..................................................................... 43 

2.5 Generation of consensus leaf outlines .................................................................................. 45 

2.6 PCR screening for MIKC
C
 genes knocked out by illegitimate recombination .................... 45 



vii 

 

2.8 Phylogenetic analysis ........................................................................................................... 48 

3 RESULTS ..................................................................................................................... 51 

3.1 Numbers of leaves on an individual gametophore ............................................................... 51 

3.2 Leaves from a typical gametophore ..................................................................................... 51 

3.3 Growth of Physcomitrella leaves ......................................................................................... 54 

3.4.1 Size of mature leaves .................................................................................................... 61 

3.4.2 Sizes of cells in mature leaves ...................................................................................... 69 

3.5 Leaf shape ............................................................................................................................ 74 

3.5.1 Allometry and leaf index............................................................................................... 74 

3.5.2 Geometric morphometric analysis of leaf shape ........................................................... 80 

3.6 Midrib development ............................................................................................................. 80 

3.7 Marginal teeth ...................................................................................................................... 82 

3.8 Leaf morphology in the MM2-G 3-1 strain of Physcomitrella ............................................ 86 

3.9 Leaf morphology in the MKN Triple 33-S strain of Physcomitrella ................................... 86 

3.10 Leaf morphology in the 62550 strain of Physcomitrella ................................................... 94 

3.11 Leaf morphology in the 55284 strain of Physcomitrella ................................................. 109 

3.12 Effects of phytohormones ................................................................................................ 109 

3.12.1 Effects of ethanol, red light and auxin ...................................................................... 109 

3.12.2 General effects of β-NAA ......................................................................................... 123 

3.12.3 Effects of β-NAA on mature leaves .......................................................................... 125 

3.12.4 Effects of β-NAA on growing leaves ........................................................................ 125 

3.12.5 Resemblance of auxin-treated, immature leaves to untreated, mature basal leaves.. 137 

3.12.6 Dose-dependent effects of auxin ............................................................................... 143 

3.12.7 Effects of KOH ......................................................................................................... 145 

3.12.8 General effects of exogenous cytokinin .................................................................... 147 

3.12.9 Effects of BAP on mature leaves .............................................................................. 147 

3.12.10 Effects of BAP on growing leaves .......................................................................... 156 

3.12.11 Growth rates in immature leaves exposed to BAP .................................................. 158 

3.13 Physcomitrella homologues of genes involved in tracheophyte leaf development ......... 162 

3.13.2 Evidence for expression of candidate leaf developmental genes in Physcomitrella . 182 

3.13.3 Transcription factors ................................................................................................. 185 

3.13.4 MADS-box genes ...................................................................................................... 185 

3.14 KNOX genes ..................................................................................................................... 204 



viii 

 

3.15 WOX and CLV genes ........................................................................................................ 204 

3.16 HD-ZIP genes .................................................................................................................. 207 

3.16.1 Similarity of putative HD-ZIP proteins in Physcomitrella and Arabidopsis ............ 208 

3.16.2 Expression of HD-ZIP genes in gametophytes ......................................................... 208 

4 DISCUSSION ............................................................................................................. 210 

4.1 Analogous morphogenetic processes in Physcomitrella and vascular plants .................... 210 

4.1.1 Leaf growth ................................................................................................................. 210 

4.1.2 Leaf shape ................................................................................................................... 215 

4.1.3 Allometry .................................................................................................................... 220 

4.1.4 Leaf cell size ............................................................................................................... 223 

4.1.5 The phenomenon of compensation ............................................................................. 223 

4.1.6 Midrib development .................................................................................................... 225 

4.1.7 Production of teeth ...................................................................................................... 227 

4.2 Heteroblastic leaf morphology:  discrete or continuous changes? ..................................... 230 

4.2.1 Selective advantages of heteroblasty .......................................................................... 230 

4.2.2 Heteroblastic increase in leaf size ............................................................................... 231 

4.2.3 Leaf index ................................................................................................................... 236 

4.3 Effects of exogenous hormones on leaf morphology ......................................................... 236 

4.3.1 Effects of exogenous auxin on leaf cell elongation .................................................... 236 

4.3.1 A key role for auxin in leaf determinacy? ................................................................... 237 

4.3.2 Auxin and cytokinin may be key regulators of development of both basal and upper 

leaf forms ............................................................................................................................. 238 

4.3.3 Expression of auxin-related genes in Physcomitrella leaves ...................................... 241 

4.3.4 Effects of exogenous BAP .......................................................................................... 243 

4.4 Examination of leaf morphology in strains of Physcomitrella that exhibit aberrant leaves

 ................................................................................................................................................. 246 

4.4.1 Leaf morphology in the MM2-G 3-1 strain of Physcomitrella ................................... 246 

4.4.2 Leaf morphology in the MKN Triple 33-S strain ........................................................ 247 

4.4.3 Lack of conservation of leaf size and laminal cell size ............................................... 248 

4.5 Model of leaf development in Physcomitrella ................................................................... 249 

4.6 Physcomitrella homologues of tracheophyte leaf developmental genes ........................... 251 

4.6.1. Sequence similarity of tracheophyte leaf developmental proteins and their homologues 

in Physcomitrella ................................................................................................................. 252 

4.6.2. Regulation of leaf expansion ...................................................................................... 253 



ix 

 

4.6.3 Regulation of cell proliferation and cell expansion in leaves ..................................... 255 

4.6.4 Regulation of cell expansion ....................................................................................... 257 

4.6.5 Cell Wall remodelling during cell expansion.............................................................. 258 

4.6.6 Midrib development .................................................................................................... 259 

4.6.7 Development of a flattened lamina ............................................................................. 260 

4.6.8 KNOX genes ................................................................................................................ 261 

4.6.9 WUS and CLV homologues ......................................................................................... 264 

4.6.10 MADS-box genes ...................................................................................................... 265 

4.6.11 AS2 ............................................................................................................................ 266 

4.6.12 HD-ZIP genes ........................................................................................................... 267 

4.6.13 Prominent roles for HD-ZIP genes ........................................................................... 268 

4.6.14 Regulation of leaf cell expansion by HD-ZIPI and HD-ZIPII genes? ...................... 269 

4.6.16 Vascular patterning by HD-ZIPIII genes? ................................................................ 272 

4.6.17 Expansion of the HD-ZIP family may have contributed to the evolution of moss 

leaves ................................................................................................................................... 273 

4.6.18 Regulation of heteroblasty ........................................................................................ 274 

4.6.19 Cytokinin signalling genes ........................................................................................ 276 

4.6.20 Speculative model of regulation of leaf morphogenesis in Physcomitrella .............. 277 

4.7 Conclusions ........................................................................................................................ 280 

4.8 Future work ........................................................................................................................ 281 

LIST OF REFERENCES ............................................................................................. 283 

APPENDIX A:  PRIMERS FOR PCR AMPLIFICATION OF MADS-BOX GENES

......................................................................................................................................... 299 

APPENDIX B:  ALIGNMENT OF PLANT MADS-DOMAIN SEQUENCES ...... 300 

APPENDIX C:  ALIGNMENT OF PHYSCOMITRELLA MIKC
C
 MADS-BOX 

GENE SEQUENCES .................................................................................................... 306 

APPENDIX D:  ALIGNMENT OF KNOX PROTEIN SEQUENCES.................... 307 

APPENDIX E:  ANALYSES OF MADS-BOX GENES ............................................ 310 



x 

 

LIST OF TABLES 

 

Table 1 Mean surface area of cells in different regions of the mature leaf ............... 73 

Table 2 Comparison of one P2/L10 leaf from an auxin-fed shoot with leaves from 

untreated pabB4 ............................................................................................................ 142 

Table 3 Dose-dependent effects of β-NAA on growing leaves ................................... 146 

Table 4 Comparison of untreated leaves and one P3-like BAP-treated leaf ............ 153 

Table 5 Comparison of leaf area, numbers of leaf cells and mean leaf cell surface 

area for untreated P4 leaves and BAP-treated P4-like leaves .................................... 155 

Table 6 Physcomitrella homologues of tracheophyte leaf developmental genes ...... 163 

Table 7 MADS-box genes in the Physcomitrella genome ........................................... 190 

Table 8 Ks values for pairs of MIKC
C
 genes in Physcomitrella ................................. 198 

Table 9 Comparison of L4, with and without the midrib .......................................... 226 

Table 10 Comparison of sizes of leaves from a three-leaved pabB4 gametophore with 

mean sizes of mature pabB4 leaves .............................................................................. 240 

Table 11 Ks values for pairs of KNOX genes in Physcomitrella ................................ 263 

 

  



xi 

 

LIST OF FIGURES 

Fig. 1 Landmarks for generation of consensus outlines .............................................. 44 

Fig. 2 Schematic diagram of predicted PCR products ................................................ 46 

Fig. 3 Heteroblastic series of leaves from an individual shoot .................................... 52 

Fig. 4 Length and width of leaves from a single gametophore ................................... 53 

Fig. 5 Leaves at the P1 through P4 stages ...................................................................... 55 

Fig. 6 Length, width, area and leaf index of growing Physcomitrella leaves ............. 56 

Fig. 7 Comparison of basal and upper leaf morphologies ........................................... 60 

Fig. 8 Length, width, area and leaf index of mature Physcomitrella leaves ............... 62 

Fig. 9 Midrib length in mature Physcomitrella leaves ................................................. 65 

Fig. 10 Numbers of cells in mature Physcomitrella leaves ........................................... 66 

Fig. 11 Mean length, width and area of Physcomitrella leaf laminal cells ................. 70 

Fig. 12 Allometric relationship of length to width in Physcomitrella leaves .............. 75 

Fig. 13 Allometric relationship between numbers of leaf cells in the longitudinal and 

transverse directions ....................................................................................................... 77 

Fig. 14 Consensus outlines of leaves with and without a midrib ................................ 79 

Fig. 15 Leaf with narrow, elongated cells along the midline near the base ............... 81 

Fig. 16 Numbers of leaves without and with a midrib ................................................. 83 

Fig. 17 Percentages of marginal cells exhibiting oblique transverse walls and teeth 84 

Fig. 18 Comparison of the length, width, area and leaf index of mature leaves from 

the MM2-G 3-1 and pabB4 strains ................................................................................ 87 

Fig. 19 Comparison of the length of the midrib in leaves from the MM2-G 3-1 and 

pabB4  strains .................................................................................................................. 90 

Fig. 20 Comparison of the numbers of cells and mean surface area of cells in mature 

leaves from the MM2-G 3-1 and pabB4 strains............................................................ 91 

Fig. 21 Comparison of the length, width, area and leaf index of mature leaves from 

the MKN Triple 33-S and pabB4 strains ....................................................................... 95 

Fig. 22 Comparison of the length of the midrib in leaves from the MKN Triple 33-S 

and pabB4  strains ........................................................................................................... 98 

Fig. 23 Comparison of the numbers of cells and mean surface area of cells in mature 

leaves from the MKN Triple 33-S and pabB4 strains................................................... 99 

Fig. 24 Leaves from the 62550 strain of Physcomitrella ............................................ 102 

Fig. 25 Comparison of the length, width and area of leaves from the 62550 and 

pabB4 strains ................................................................................................................. 103 

Fig. 26 Comparison ofthe numbers of cells and mean surfacearea of cells in mature 

leaves from the 62550 and pabB4 strains .................................................................... 106 

Fig. 27 L1 and L4 from the mutant 55284 strain ........................................................ 110 

Fig. 28 Comparison of the length, width, area and leaf index of mature leaves from 

the 55284 and pabB4 strains ........................................................................................ 111 



xii 

 

Fig. 29 Comparison of the numbers of cells in mature leaves from the 55284 and 

pabB4 strains ................................................................................................................. 114 

Fig. 30 Comparison of cell sizes in mature leaves from the 55284 and pabB4 strains

......................................................................................................................................... 117 

Fig. 31 Leaf with forked tip .......................................................................................... 120 

Fig. 32 Leaf, exposed to ethanol and red light, exhibiting a filament ...................... 121 

Fig. 33 Leaf with protuberance.................................................................................... 122 

Fig. 34 Effects of auxin on young Physcomitrella gametophores .............................. 124 

Fig. 35 Comparison of the length and width of leaves from individual untreated and 

auxin-treated shoots ...................................................................................................... 126 

Fig. 36 Comparison of the length, width and area of mature untreated and auxin-

treated leaves ................................................................................................................. 127 

Fig. 37 Comparions of the numbers of laminal cells and leaf cell size in mature 

untreated and auxin-treated leaves ............................................................................. 130 

Fig. 38 Comparison of the length, width and area of growing leaves from untreated 

and auxin-treated cultures and numbers of cells in growing leaves from auxin-

treated cultures.............................................................................................................. 133 

Fig. 39 Allometric relationships between length and width of growing leaves from 

untreated and auxin-treated gametophores ............................................................... 136 

Fig. 40 Comparison of the mean length, width and surface area cells in untreated 

and auxin-treated leaves ............................................................................................... 138 

Fig. 41 Growing leaf exposed to auxin ........................................................................ 141 

Fig. 42 A P2 leaf from a 13-leaved gametophore exposed to auxin........................... 144 

Fig. 43 Comparison of lengths of leaves from an untreated shoot and a BAP-treated 

shoot ............................................................................................................................... 148 

Fig. 44 P1-like and P2-like leaves from the apex of a shoot exposed to BAP............ 149 

Fig. 45 Comparison of the area of and number of cells in mature BAP-treated and 

untreated leaves ............................................................................................................. 150 

Fig. 46 Comparison of an untreated P3 leaf and a BAP-fed P3-like leaf .................. 152 

Fig. 47 Comparison of an untreated P4 leaf and a BAP-treated P4-like leaf ........... 154 

Fig. 48 Length, width and area of untreated and BAP-treated P1 through P6 leaves

......................................................................................................................................... 159 

Fig. 49 Similarity of proteins involved in leaf development in vascular plants and 

their putative homologues in Physcomitrella .............................................................. 180 

Fig. 50 Numbers of ESTs representing candidate leaf developmental genes in 

Physcomitrella ................................................................................................................ 183 

Fig. 51 Similarity of transcription factors involved in leaf development in vascular 

plants and their homologues in Physcomitrella .......................................................... 186 

Fig. 52 Numbers of ESTs representing Physcomitrella homologues of tracheophyte 

transcription factors involved in leaf development.................................................... 188 



xiii 

 

Fig. 53 Phylogenetic tree of plant MADS-box genes .................................................. 193 

Fig. 54 Phylogenetic tree of MIKC
C 

genes in Physcomitrella ..................................... 194 

Fig. 55 Exon-intron architectures of MIKC
C 

genes in Physcomitrella ...................... 195 

Fig. 56 Scaffold locations of PPMC5 and PPMC6 ...................................................... 196 

Fig. 57 Proportions of ESTs representing MADS-box genes .................................... 199 

Fig. 58 Electrophoresed PCR products and restriction digest fragments ............... 201 

Fig. 59 Electrophoresed products from PCR reactions designed to amplify 

recombined genes .......................................................................................................... 203 

Fig. 60 Phylogenetic tree of KNOX genes .................................................................... 205 

Fig. 61 Scaffold locations of class 1 KNOX genes in Physcomitrella ......................... 206 

Fig. 62 Number of cells in P4, P5 and P6 leaves ........................................................... 212 

Fig. 63 Lengths of individual cells in a file from the apex to the base of growing 

leaves .............................................................................................................................. 214 

Fig. 64 Area and number of cells in L5........................................................................ 216 

Fig. 65 The relationship between the position of maximum width and midrib length

......................................................................................................................................... 219 

Fig. 66 Allometric relationships between length and width of mature L1 through L10

......................................................................................................................................... 221 

Fig. 67 First leaf from a branch ................................................................................... 228 

Fig. 68 Three-leaved gametophore from a pabB4 culture ......................................... 229 

Fig. 69 Changes in area of growing leaves depending on leaf number .................... 233 

Fig. 70 Alignment of AtTRN2 and its Physcomitrella homologues ........................... 254 

Fig. 71 Numbers of ESTs Representing HD-ZIP Genes in Physcomitrella .............. 270 

Fig. 72 Numbers of HD-ZIP genes in selected plant genomes .................................. 275 

Fig. 73 Speculative model of genetic and hormonal regulation of leaf morphogenesis 

in Physcomitrella............................................................................................................ 278 

 

  



xiv 

 

LIST OF APPENDICES 

APPENDIX A:  PRIMERS FOR PCR AMPLIFICATION OF MADS-BOX GENES 

APPENDIX B:  ALIGNMENT OF PLANT MADS-DOMAIN SEQUENCES 

APPENDIX C:  ALIGNMENT OF PHYSCOMITRELLA MIKC
C
 MADS-BOX 

GENE SEQUENCES 

APPENDIX D:  ALIGNMENT OF KNOX PROTEIN SEQUENCES 

APPENDIX E:  ANALYSES OF MADS-BOX GENES 

 

  



xv 

 

LIST OF ABBREVIATIONS 

ABA  Abscisic acid 

ABC  ATP-binding cassette 

ABP  AUXIN BINDING PROTEIN 

ADK  ADENOSINE KINASE 

AE  ASYMMETRIC LEAVES ENHANCER 

AFB  AUXIN SIGNALLING F-BOX 

AGO  ARGONAUTE 

AICc  Corrected Akaike Information Criterion 

AN  ANGUSTIFOLIA 

ANOVA Analysis of Variance 

ANT  AINTEGUMENTA 

AP  APETALA 

APL  ALTERED PHLOEM DEVELOPMENT 

ARF  AUXIN RESPONSE FACTOR 

ARF1-BP ARF1 binding protein 

ARGOS AUXIN-REGULATED GENE INVOLVED IN ORGAN SIZE 

ARL  ARGOS-like 

ARP  ASYMMETRIC LEAVES 1/ROUGH SHEATH 2/PHANTASTICA 

ARR  ARABIDOPSIS RESPONSE REGULATOR 

AS  ASYMMETRIC LEAVES 

ASL  AS2-like 

ATH  ABC2 HOMOLOG 

AtHB  Arabidopsis thaliana homeobox  

AUX  Auxin 

AXR  AUXIN RESISTANT 

BAP  6-Benzylaminopurine 

BBM  BABYBOOM 

BDL  BODENLOS 

BEL  BELLRINGER 

bHLH  Basic HELIX-LOOP-HELIX 

BLAST  Basic local alignment search tool 

β-NAA β-naphthalene acetic acid 

bp  Base pairs 

BP  BREVIPEDICELLUS 

BR  Brassinosteroid 

CaLB  C2 Calcium/lipid binding region  

CC  Cell cycle control 

CDC  CELL DIVISION CYCLE 

CDK  CYCLIN-DEPENDENT KINASE 

cds  Coding sequence 

CER  ECERIFERUM 

CHR  Chromatin organizers 

CIN  CINCINNATA 

CK  Cytokinin 



xvi 

 

CKX  CYTOKININ OXIDASE/DEHYDROGENASE 

CLASP CYTOPLASMIC LINKER ASSOCIATING PROTEIN 

CLE  CLV3/ENHANCER OF SHOOT REGENERATION-RELATED 

CLF  CURLY LEAF 

CLL  CLAVATA1-like 

CLV  CLAVATA 

CM  Cell morphogenetic functions 

CNA  CORONA 

COI  CORONATINE INSENSITIVE 

CPN  COPINE 

CPR CONSTITUTIVE EXPRESSION OF PATHOGENESIS-RELATED 

GENES 

CRC  CRABS CLAW 

CRE  CYTOKININ RECEPTOR 

CRN  CORYNE 

CRY  CRYPTOCHROME 

CtBP  C-TERMINAL BINDING PROTEIN 

CUC  CUP-SHAPED COTYLEDON 

CUL  CULLIN 

CVP  COTYLEDON VASCULAR PATTERN 

CycD  D-type CYCLIN 

CYP  CYCLOPHILIN 

CZ  Central Zone 

DET  DE-ETIOLATED 

DCL  DICER-like 

Dicot  Dicotyledon, dicotyledonous 

DRN  DORNRÖSCHEN 

DSO  DESPERADO 

DWF  DWARF 

EBP  ETHYLENE RESPONSIVE ELEMENT BINDING PROTEIN 

ECR  E1 C-TERMINAL RELATED 

eIF  Eukaryotic initiation factor 

ER  ERECTA 

EREBP ETHYLENE-RESPONSIVE ELEMENT BINDING PROTEIN 

ERF  Ethylene-responsive element-binding factor 

ERL  ER-like 

ESR  ENHANCER OF SHOOT REGENERATION 

EST  Expressed sequence tag 

Evo-devo Evolutionary-developmental biology 

EXLA  EXPANSIN-like A 

EXLB  EXPANSIN-like B 

EXPA  α-EXPANSIN 

EXPB  β-EXPANSIN 

FAS  FASCIATA 

FIE  FERTILIZATION INDEPENDENT ENDOSPERM 

FIL  FILAMENTOUS FLOWER 



xvii 

 

FUL  FRUITFULL 

GA  Gibberellic acid, gibberellins 

GARP  GLUTAMIC ACID-RICH PROTEIN 

GL  GLABRA 

GR  Growth regulators 

GRAS GIBBERELLIN-INSENSITIVE (GAI), REPRESSOR of ga1-3 (RGA), 

SCARECROW (SCR) 

GRF  GROWTH-REGULATING FACTOR 

GTE6  GENERAL TRANSCRIPTION FACTOR GROUP E6 

GUS  β-D-glucuronidase 

HAT  HOMEOBOX FROM ARABIDOPSIS THALIANA 

HAD  HISTONE DEACETYLASE 

HDT  HISTONE DEACETYLASE 

HD-ZIP  HOMEODOMAIN-LEUCINE ZIPPER 

HLH  HELIX-LOOP-HELIX 

HP  HISTIDINE-CONTAINING PHOSPHOTRANSFER FACTOR 

IAA  Indole-3-acetic acid 

IAMT  IAA CARBOXYLMETHYL TRANSFERASE 

ICK  INHIBITOR/INTERACTOR OF CDK1 

INO  INNER NO OUTER 

IPT  ISOPENTENYL TRANSFERASE 

JA  Jasmonate 

JAG  JAGGED 

JGI  Joint Genome Institute 

JLO  JAGGED LATERAL ORGANS 

KAN  KANADI 

kb  Kilobase pairs 

KN1  KNOTTED 1 

KNAT  KNOTTED1-like from Arabidopsis thaliana 

KNOX  KN1-like homeobox 

Ks  Synonymous substitutions 

LBD LATERAL ORGAN BOUNDARIES DOMAIN-CONTAINING 

PROTEIN 

LBL  LEAFBLADELESS 

LFY  LEAFY 

LOB  LATERAL ORGAN BOUNDARIES 

LRR-RLK LEUCINE-RICH REPEAT RECEPTOR-LIKE KINASE 

MED  MEDIATOR 

MET  Metabolism 

MGO  MGOUN 

MISC  Miscellaneous 

ML  Maximum likelihood 

MLO  MILDEW RESISTANCE LOCUS O 

Monocot Monocotyledon, monocotyledonous 

MP  MONOPTEROS 

MYA  Million years ago 



xviii 

 

MYB  Myeloblastosis 

NAC  NO APICAL MERISTEM (NAM), ATAF, CUC 

NCBI   National Center for Biotechnology Information 

NIT  NITRILASE 

NPA  N-1-naphthylphthalamic acid 

NPH  NONPHOTOTROPIC HYPOCOTYL 

NS  NARROW SHEATH 

OC  Organizing Centre 

ORE  ORESARA 

PAT  Polar auxin transport 

PCR  Polymerase chain reaction 

pel  permeable leaves 

PFL  POINTED FIRST LEAF 

PGY  PIGGYBACK 

PHAB  PHABULOSA 

PHAN  PHANTASTICA 

PHAV  PHAVOLUTA 

PID  PINOID 

PIN  PIN-FORMED 

PIP  PLASMA MEMBRANE INTRINSIC PROTEIN 

PIR  PIROGI 

PKL  PICKLE 

PNH  PINHEAD 

PNY  PENNYWISE 

PSD  PAUSED 

PZ  Peripheral Zone 

RDR  RNA-DEPENDENT RNA POLYMERASE 

REV  REVOLUTA 

ROT  ROTUNDIFOLIA 

RP  Ribosomal proteins 

RPL  RIBOSOMAL PROTEIN LARGE SUBUNIT 

RPS  RIBOSOMAL PROTEIN SUBUNIT 

RR  RESPONSE REGULATOR 

RTY  ROOTY 

RZ  Rib Zone 

SAG  SENESCENCE ASSOCIATED GENE 

SAM  Shoot apical meristem 

SAUR  SMALL AUXIN UPREGULATED 

SCR  SCARECROW 

SE  SERRATE 

SFC  SCARFACE 

SGS  SUPPRESSOR OF GENE SILENCING 

SHY  SHORT HYPOCOTYL 

SIG  Signalling 

SPK  SPIKE 

SPL  SPOROCYTELESS 



xix 

 

SQN  SQUINT 

STM  SHOOT MERISTEMLESS 

SUR  SUPERROOT 

TAIR   The Arabidopsis Information Resource 

ta-si RNA trans-acting small interfering RNA 

TCP TEOSINTE BRANCHED1, CYCLOIDEA, PROLIFERATING CELL 

FACTOR 

TET  TETRASPANIN 

TF  Transcription factor 

TFR  Transcription factor regulator 

TIR  TOLL/INTERLEUKIN-1 RECEPTOR-LIKE 

TLP  TIR1-like PROTEIN 

TOP  TOPOISOMERASE 

TPS  TREHALOSE PHOSPHATASE/SYNTHASE 

TRN  TORNADO 

UTR  Untranslated region 

VAN  VASCULAR NETWORK 

WMP  Weighted maximum parsimony 

WOX  WUSCHEL-like homeobox 

WUS  WUSCHEL 

XTH  XYLOGLUCAN TRANSFERASE 

YAB  YABBY 

YUC  YUCCA 

ZIP  ZIPPY 

ZPR  LITTLE ZIPPER 

 



1 

 

1 INTRODUCTION 

1.1 Land plant leaves 

 Leaves are a prominent feature of the landscape, an important biological 

phenomenon and a vital economic resource.  These green, flattened, photosynthetic 

structures are efficient consumers of light, carbon dioxide and water and are vital 

suppliers of oxygen and food.  Long ago, the evolution of leaves altered the atmosphere 

to support an increasingly diverse array of organisms and, today, humans are relying on 

leaves to reduce the carbon dioxide load that threatens life.  Investigation of genes that 

regulate leaf morphogenesis has intensified in an effort to improve food crops and biofuel 

sources by optimizing leaf production in order to supply a growing human population. 

The most evident form of the leaf is the petiole-blade or sheath-blade structure of 

dicotyledonous (dicot) and monocotyledonous (monocot) angiosperms respectively.  

However, the diversity of leaf morphologies among land plants is astonishing.  

Furthermore, cotyledons, bud scales, fragments of tissue on tubers and fleshy leaves on 

bulbs, delicate curling tendrils in pea plants and thick, sharp spikes on hawthorns, bracts 

subtending flowers and flowers themselves are considered to be modified leaves.  How 

convergent and divergent evolutionary processes resulted in the networks of genes that 

regulate leaf development and the mechanisms that shape leaves is a fascinating area of 

study. 

1.2 Leaf morphology 

1.2.1 Common and diverse features of leaf morphology 

The varied shapes of leaves are myriad including strap-shaped and lanceolate 

leaves that are elongated, relative to their width, and ovate leaves that are similar in 
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length and width.  The tips of leaves may be acute or rounded.  Patterns of leaf 

vasculature range from the simple costa of bryophytes and the single midvein of 

lycophytes to the parallel arrangement of major veins in monocot leaves and the complex 

venation of dicot leaves.  Leaves may be simple or compound, consisting of a single 

blade or several leaflets respectively, or they may exhibit intermediate forms resulting 

from varying degrees of marginal dissection and blade lobing.  Differences in the 

distribution and density of trichomes contribute to differing levels of hirsuteness.  The 

variety of phyllotactic arrangements of leaves along the stem includes decussate and 

whorled patterns in which leaves are inserted around the circumference of the stem at the 

same level as well as alternate and spiral patterns in which each leaf is inserted at a 

different level along the stem.  Interestingly, vast differences are apparent, not only 

among leaves of closely related taxa, but also among leaves initiated at different positions 

on an individual plant.  

1.2.2 Leaf shape and size 

The thin, flattened shape of most leaves, along with internal and external 

differences between the upper and lower layers of the leaf, allows plants to achieve an 

optimal balance between maximizing photosynthetic surface and minimizing desiccation.  

However, diversity characterizes leaves, which may be scale-like, needle-like, or laminar, 

ranging from rounded shapes designated by terms such as orbicular, reniform and 

cordate, to elongated, rectangular forms described as lanceolate, oblong or straplike.  

Among angiosperms, dicot leaves are frequently composed of three main parts; the leaf 

base, petiole and lamina (blade) and monocot leaves often consist of a basal sheath 

surrounding the stem and a distal strap-shaped blade.  Leaves may sport appendages such 



3 

 

as the stipules, small leaf-like structures at the base of dicot leaves, and the auricles and 

ligules of monocot leaves. 

Vascular plant leaves range in size from the tiny (1-6 mm long) scale leaves of the 

Western red cedar, Thuja plicata, (online Flora of North America, http://www.efloras. 

org/florataxon.aspx?flora_id=1&taxon_id=200005457) to the astonishingly large leaves 

of the palm, Raphia regalis, which can be over 25 m in length (Hallé and Oldeman, 1975; 

Hallé, 1977). 

1.2.3 Simple and compound leaves 

 Leaves are classified as simple or compound according to their level of 

complexity.  A simple leaf consists of a single blade, with or without a petiole, attached 

to a stem or branch.  Simple leaves may be lobed or toothed along the margin.  In 

contrast, a compound leaf comprises a continuation of the petiole, termed the rachis, and 

a number of leaflets which may be sessile or petiolate and which may also exhibit 

marginal dissection.  In pinnate compounding the leaflets, termed pinnae, are arranged 

distichously along the rachis, with or without the presence of a single terminal leaflet.  

Secondary pinnation may occur, with secondary rachides branching laterally from the 

rachis and bearing leaflets called pinnules.  In palmate compounding, no rachis is present 

and the leaflets radiate from a central point of attachment. 

1.2.4 Leaf vasculature 

 Tracheophytes transport water, dissolved minerals and photoassimilates through a 

continuous vascular network that connects the roots, stem and aerial organs (Steeves & 

Sussex, 1989).  In most vascular plants, divergences from the stem vasculature, termed 

http://www/
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leaf traces, enter the leaves at the base and leaf gaps may be present where the leaf traces 

leave the stele. 

The vasculature of lycophytes, psilophytes and sphenopsids is simple.  Each 

microphyllous leaf possesses a single, unbranched vein.  Vascular traces extend from the 

protostele through the cortex and, in most cases, no leaf gap is present.  At the stem nodes 

of Equisetum, for example, leaf traces depart from the vascular bundles of the stem and 

enter the leaves (see Rutishauser, 1999 and references therein).  No leaf trace is present in 

the leaf of Psilotum nudum but in P. complanatum, a leaf trace approaches the base of the 

leaf (Gifford & Foster, 1989). 

The megaphyllous leaves of ferns and seed plants exhibit reticulate or parallel 

venation patterns (Gifford & Foster, 1989).  The vascular network in the leaf may be 

open or closed and leaf gaps are present in the stems of most ferns. 

In gymnosperms, venation can be single, double, parallel or reticulate (Bell & 

Woodcock, 1983).  The needles of conifers may exhibit a single unbranched midvein or 

several parallel veins. 

The pattern of leaf venation is among the salient differences between angiosperm 

dicot and monocot leaves.  The dicot leaf exhibits a network of veins.  Monocot leaves 

exhibit parallel venation involving a central, longitudinal midrib and smaller veins that 

run parallel to it.  The longitudinal veins are connected by commissural veins.  A 

common arrangement of vascular bundles in leaves is the collateral pattern, consisting of 

adaxially located xylem and abaxially placed phloem (reviewed in Dengler & Kang, 

2001). 
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Although mosses lack true vasculature, they do have elongated water-conducting 

and food-conducting cells called hydroids and leptoids respectively (Wiencke & Schultz, 

1983).  Moss leaves frequently exhibit a central midrib, called a costa.  In Funaria, the 

costa consists of epidermal cells, hydroids, leptoids and thick-walled stereids. 

1.2.5 Stomata 

 Gas exchange and transpiration are permitted by stomata, which are usually more 

numerous on the abaxial side of the leaf.  Each stoma consists of a pore flanked by two 

guard cells that open and close the pore through changes in turgor pressure.  Spacing of 

stomata follows the one-cell rule, that is, at least one epidermal pavement cell is 

interposed between neighbouring stomata (reviewed in Nadeau & Sack, 2002). 

1.2.6 Trichomes 

Trichomes are hair-like structures that differentiate from the epidermal layers of 

plant organs and have been observed in all of the major land plant groups (reviewed in 

Werker, 2000).  Trichomes are classified as glandular or non-glandular but intermediate 

forms exist.  Trichomes aid in modulating the microenvironment at the leaf surface and in 

resisting herbivory. 

In Arabidopsis, trichomes grow on the adaxial surface of rosette leaves, on the 

abaxial surface of cauline leaves and on the leaf margins (Hülskamp, 1994).  Arabidopsis 

trichomes are regularly-spaced, unicellular structures comprising a stalk that is 

perpendicular to the leaf surface and three or four branches that radiate parallel to the leaf 

surface. 
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1.2.7 Cuticle 

The cuticle is a hydrophobic layer composed of cutin and waxes that covers the 

aerial surface of the plant, limiting the exchange of water, solutes, lipophilic substances 

and gases (Riederer, 2006).  Additionally, the cuticle provides protection from ultraviolet 

radiation and aids in pathogen resistance. 

1.2.8 Phyllotaxy 

Leaves are arranged along the stem in characteristic patterns, referred to as 

phyllotaxy, which are a major feature of plant architecture.  Phyllotaxy depends upon the 

divergence angle of successive primordia, the plastochron ratio (the ratio of the radial 

distances between the apical dome and each of two successive primordia) and the relative 

surface areas of the primordium and the shoot apex (Richards, 1951).  Common 

phyllotactic arrangements are a spiralling pattern, alternate (distichous) phyllotaxy, an 

opposite arrangement in which two leaves are inserted at the same internode at an angle 

of 180° from each other, decussate phyllotaxy in which each opposite pair of leaves is 

inserted perpendicular to the previous pair (Gifford & Foster, 1989) and whorled 

phyllotaxy, in which three or more leaves arise from each internode and are distributed 

symmetrically around the stem.  The divergence angle between successive leaf primordia 

is characteristic of the species.  In plants exhibiting helical phyllotaxy, a divergence angle 

that is slightly greater than 120°, such as the „golden‟ angle (137.5°), prevents stacking of 

leaves in vertical ranks and thereby reduces shading of lower leaves by upper leaves. 

In mosses, phyllotaxy can be distichous when produced from an apical cell having 

two cutting faces, tristichous when generated from a tetrahedral apical cell with three 

cutting faces or spiral (Gifford, 1983). 
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1.2.9 Leaf morphology in major land plant taxa 

Leaves of plants in the major vascular plant groups exhibit similar and dissimilar 

features.  Although extinct lycophytes possessed large leaves, the leaves of extant 

lycophytes are small, ranging in length from 2 mm to 2 cm in most species (Gifford & 

Foster, 1989).  The leaves are sessile and simple, usually with entire margins and are 

ovate to lanceolate in form.  Some species exhibit dorsoventrality, with stomata on the 

abaxial surface only.  The leaf arrangement is usually helical but may be whorled or 

opposite.  In some cases phyllotaxy is variable within the individual plant or altogether 

irregular. 

An example of the lycophyte lineage is the spikemoss, Selaginella kraussiana, 

which exhibits simple, scale-like, anisophyllous leaves on a bifurcating stem.  Juvenile 

leaves are initiated in a spiral phyllotactic pattern (Harrison et al., 2007).  Adult leaves 

are arranged in opposite, decussate pairs, each comprising one small, dorsal leaf and one 

large, ventral leaf. 

Equisetum (horsetail), the only extant genus of sphenopsids, exhibits a 

monopodial, jointed structure with a whorl of branches and small leaves at each node.  

The slender, pointed leaves are fused in a palisade-like ring against the stem (see 

Rutishauser, 1999), are single-veined (Kaplan, 2001) and exhibit dorsoventrality (Gifford 

& Foster, 1989).  Axillary buds are absent and branches arise from the stem nodes.  As 

the stem elongates, it increases in circumference and the number of leaves in successive 

whorls increases except in Equisetum scirpoides, which has three or four leaves in each 

whorl. The leaves become scarious and most of the photosynthesis takes place in the 

stem. 
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Psilotum nudum, a psilophyte, bears small, awl-shaped, sterile leaves with 

decurrent leaf bases arranged helically on dichotomously branching shoots (reviewed in 

Kaplan, 2001).  These leaves lack vascularization but the leaves of the closely related 

Tmesipteris exhibit an unbranched midvein (Gifford & Foster, 1989). 

Fern fronds may be simple (undissected), pinnatifid (dissected) or pinnately 

compound (Gifford & Foster, 1989).  The fronds are megaphyllous, with complex 

venation and, in most cases, leaf gaps associated with the leaf traces.  A unique feature of 

fern leaves is circinate vernation, the uncoiling of a crozier-shaped young frond. 

Gymnosperm leaves range from scale-like or needle-like, through fern frond-like, 

to strap-shaped or broadly lanceolate (Foster & Gifford, 1974; Bell & Woodcock, 1983).  

Conifer leaves may exhibit a single midvein or several parallel veins (Bell & Woodcock, 

1983). 

In contrast to tracheophytes, in which leaves are produced in the sporophyte 

generation, leafy bryophytes initiate leaves in the gametophytic generation.  Although 

many of the liverworts are composed of simple thalli, leafy liverworts of the orders 

Jungermanniales and Metzgeriales possess simple or lobed leaves that lack midribs.  

Treubia, for example, bears two lateral rows of leaves, each of which is approximately 1 

cm long (Bower, 1935).  Some leafy liverworts are anisophyllous with two rows of well-

developed dorsal leaves and one row of small ventral leaves, termed amphigastria, on the 

stem (Bell & Woodcock, 1983). 

Among the bryophytes, leafy liverworts and mosses exhibit foliar appendages that 

are sometimes termed phyllodes to distinguish them from vascular plant leaves.  The 

leafy shoots of mosses, termed gametophores, exhibit leaves that are often closely spaced 
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and sometimes sheathe the shoot (Chopra & Kumra, 1988).  Phyllotaxy is usually spiral 

but is distichous in some species (Bell & Woodcock, 1983).  A midrib is usually present 

but may not extend all the way to the tip of the leaf.  Polytrichum leaves exhibit 

dorsoventral asymmetry, having the chloroplasts on the adaxial surface.  No bud is 

present in the moss leaf axil (Lyndon, 1990). 

1.2.10 Leaf nomenclature 

Individual leaves are designated either by leaf number (Ln), plastochron number 

(Pn) or both as described by Sylvester and colleagues (1990).  Leaf number refers to the 

order of initiation of the leaf such that the first leaf to appear at the base of the stem is L1 

and the next leaf initiated is L2 and so on.  Initiation of successive leaves occurs at 

intervals of time termed “plastochrons” by Askenasy (see Evans & Grover, 1940).  The 

time period that is equivalent to one plastochron varies with the plant species, the part of 

the plant, the age of the plant and environmental conditions.  The youngest visible leaf, at 

the apex of the stem, is P1, the next youngest is P2 and so on.  The plastochron number of 

each existing leaf is increased by one when a new leaf is initiated but the leaf number of 

an individual leaf remains constant. 

1.3 Plant development 

In sharp contrast to the embryonic initiation of organs in animals, plant growth is 

indeterminate and organogenesis is a modular and iterative process that continues 

throughout the life of the plant (Cronk, 2001).  During vegetative growth of angiosperms 

such as Arabidopsis, modules termed phytomers (Gray, 1879), each consisting of an 

internode, a leaf and a lateral bud, are produced repeatedly from the shoot apical 



10 

 

meristem (SAM).  Following transition to the reproductive stage, the lateral organs 

initiated by the apex are flowers rather than leaves. 

A third key feature of plant development is plasticity.  Developmental responses 

to internal and external environmental influences play key roles in determining the final 

morphology and size of plant body parts. 

The land plant life cycle is characterized by alternation of a haploid gametophytic 

generation and a diploid sporophytic generation.  In bryophytes, the gametophytic 

generation is dominant and the sporophyte is dependent on the gametophytic parent.  

Conversely, vascular plant sporophytes are the dominant generation and the 

gametophytes are reduced to a few cells that are dependent on the sporophyte. 

1.3.1 Apical growth 

Marine and terrestrial plants exhibit growth from apical cells.  The thallus of the 

brown alga, Dictyota vieillardii, grows from an apical cell while side branches grow from 

dedifferentiated cortical cells (De Clerck & Coppejans, 1997).  The thalli of D. adnata 

and D. naevosa grow from single apical cells that divide to produce a dichotomously 

branching architecture.  Green plants including the charophycean green alga, Chara, 

exhibit tip growth (Pickett-Heaps, 1967).  Mosses, psilophytes, Equisetum, and ferns 

produce lateral organs from a single, tetrahedral, meristematic cell at the shoot apex 

(Gifford, 1983).  The meristems of lycophytes consist of a single tetrahedral cell in the 

Selaginellaceae and plural apical initials in the Lycopodiaceae and Isoetaceae. 

Seed plants exhibit multicellular SAMs with layered and zonal structures.  As 

early as 1868, Hanstein (in Satina et al., 1940) distinguished three regions in the 

primordia of angiosperms.  In 1924, Schmidt (in Satina et al., 1940) recognized two 
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layers in the angiosperm SAM:  the tunica, in which the cells divide anticlinally, and the 

corpus, in which periclinal, anticlinal and oblique cell divisions occur.  Using periclinal 

chimeras of Datura, Satina and colleagues (1940) established that three clonally distinct 

germ layers comprised the SAM.  The outer two layers (L1 and L2) correspond to the 

tunica and the third, innermost layer (L3) corresponds to the corpus.  L1 gives rise to the 

epidermis and internal tissues are produced by L2 and L3.  These three layers are present 

in eudicots but in many monocot species, the SAM comprises only two germ layers 

(Bowman & Eshed, 2000).  The shoot apex of some gymnosperms is divided into tunica 

and corpus layers (Gifford & Foster, 1989). 

Additionally, three zones comprise the SAM (reviewed in Steeves & Sussex, 

1989).  The Central Zone (CZ) contains a stable pool of stem cells that replenish the cells 

of the Peripheral Zone (PZ) which differentiate to produce the lateral organ primordia.  

The Rib Zone (RZ) lies beneath the CZ and generates the stem pith.  Leaf primordia 

develop from all three germ layers.  A small region, termed the Organizing Centre (OC), 

lies below the CZ and specifies stem cell fate in the suprajacent cells of the CZ (Mayer et 

al., 1998). 

1.3.2 Leaf morphogenesis 

Leaf morphogenesis in angiosperms (see Sylvester et al., 1996; Sinha, 1999 for 

reviews) requires the establishment of a boundary between the shoot apex and leaf 

primordium and differentiation of leaf primordial cells. Within the leaf primordium and 

the developing leaf, delimitation of domains establishes the axes of symmetry in the leaf.  

Leaf growth involves coordination of cell proliferation and cell expansion (Poethig & 
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Sussex, 1985a).  Further differentiation of cells generates the varied tissue types of the 

leaf. 

1.3.3 Determinacy in leaves 

 Genesis of lateral organs at the shoot apex requires synchronous maintenance of 

indeterminacy in the meristem and the acquisition of determinacy in the developing 

organ.  Determination of leaves occurs gradually (Kerstetter & Poethig, 1998), over long 

periods of time in some species.  In maize, the blade and sheath grow from an intercalary 

meristem but foliar growth is, nevertheless, determinate.  The single macrocotyledon of 

several species of Streptocarpus from the family Gesneriaceae expands from a 

meristematic region at the base of the leaf that persists for many months (Jong & Burtt 

1975).  Leaves of the fern Dryopteris aristata are estimated to grow for as long as four 

years before attaining their final size (Saha 1963). 

An exception to foliar determinacy is the indefinite growth of adult climbing 

leaves of the fern, Lygodium japonicum, which produce pinnae from a complex apical 

meristem (Mueller, 1982).  A singularly fascinating species is Welwitschia, which 

possesses a determinate SAM and produces a single pair of indeterminate, photosynthetic 

leaves (Pham & Sinha 2003).  Welwitschia leaves can grow up to 1.8 m wide and 8.8 m 

long because, although the leaves die back as the tips are scorched by the extreme surface 

temperatures of the Namib and shredded as the Föhn winds scour the desert floor, a basal 

intercalary meristem provides continuous growth (Bornman 1972) by cell division and 

cell expansion (Pham & Sinha, 2003). 
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1.3.4 Patterning in leaf development 

As leaf primordia are differentiated from the meristem, changes in the planes of 

cell division alter the direction of growth from the vertical to the lateral and the radial 

symmetry of the stem to the bilateral symmetry of the leaf.  Further development of 

leaves involves two main processes: growth, by cell division and cell expansion, and 

differentiation of cells to produce varied tissue types.  Both clonal fate and positional 

cues may play roles in patterning. 

Cell division, cell expansion and cell differentiation are coordinated along three 

axes:  the proximodistal axis that extends from the apex to the base of the leaf, the 

mediolateral axis that extends in the leaf-width direction and the dorsoventral axis that 

extends in the leaf thickness direction from the adaxial (dorsal) side of the leaf to the 

abaxial (ventral) side.  Domain specification along these axes results in patterns of 

symmetry and asymmetry.  Leaves are frequently bilaterally symmetrical along the 

mediolateral axis and, in contrast, asymmetrical along the proximodistal and dorsoventral 

axes.  The proximal domain of the leaf is frequently marked by the presence of a petiole 

and/or stipules and the distal domain may be notable for the presence of an awn or hair 

projecting from the leaf apex.  In grass leaves, a ligule marks the boundary between the 

proximal sheath and the distal blade (Freeling, 1992).  Along the dorsoventral axis, 

differences in sizes of epidermal cells, cell types (adaxial palisade mesophyll and abaxial 

spongy mesophyll, for example) and density of both stomata and trichomes optimize light 

capture and gas exchange and contribute to asymmetry. 

In vascular plant leaves, differentiation produces only a few cell types, including 

epidermal cells, stomatal guard cells, palisade mesophyll cells and spongy mesophyll 
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cells.  The cells of the leaf vasculature include the tracheids and vessel elements of the 

xylem and the sieve elements and companion cells of the phloem.  In mosses, even fewer 

cell types comprise the leaf.  The lamina, which is often unistratose, is made up of 

epidermal cells and the costa, if present, comprises hydroids, leptoids and stereids (for an 

early review of moss conducting tissue, see Tansley & Chick, 1901) as well as epidermal 

cells. 

1.3.5 Development of leaf vasculature 

 Development of the leaf vasculature proceeds differently in dicot and monocot 

leaves (reviewed in Dengler & Kang, 2001).  In the dicot leaf, the main vein develops 

first and smaller secondary veins branch from it.  The veins subdivide into tertiary and 

quaternary veins.  The leaf veins originate and differentiate basipetally, in continuity with 

each other and the stem vasculature.  In contrast, the parallel longitudinal veins of the 

monocot leaf develop at the same time, in discontinuity with each other and the stem 

vascular bundles.  Later, the parallel veins are connected by commissural veins at the 

apex and base of the leaf. 

 In Arabidopsis, leaf procambial cells (vascular stem cells) arise from the SAM 

and differentiate early in the formation of the leaf primordium at the position of the 

midvein (see Lijsebettens & Clarke, 1998).  The midvein grows acropetally and 

procambial cells that will form the secondary veins appear as the leaf lamina develops.  

During expansion of the lamina, new veins are initiated between existing veins. 

1.3.6 Growth of leaves 

The final shape and size of leaves depends on the coordinated processes of cell 

division and cell expansion in which the timing, frequency, duration and orientation must 
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be regulated (Poethig & Sussex 1985a).  Despite variation in growth conditions, leaf 

shape is usually characteristic for the plant but the final size of leaves is dependent upon 

environmental conditions as is the size of the plant as a whole (Tsukaya, 2002b).  Leaf 

index, the ratio of leaf length to width, is usually constant for a plant species. 

Avery (1933) emphasized the role of marginal meristems in expansion of the leaf 

lamina.  This is an important phenomenon in fern leaf development (Saha 1963).  Indeed, 

in an investigation of pinnule development in the ferns, Adiantum raddianum and 

Cheilanthes viridis, Zurakowski and Gifford (1988) concluded that activity of the 

marginal meristem was solely responsible for laminar expansion of the lamina. 

However, experiments in several flowering plants have shown that diffuse, 

intercalary cell divisions are primarily responsible for growth of the lamina in dicots 

(Poethig & Sussex, 1985b and references within).  For example, expansion of tobacco 

leaves is primarily due to intercalary growth (Poethig & Sussex, 1985b).  Cell division 

patterns are responsible for most of the final shape of the leaf although there is a gradient 

of cell size from the middle portion of the leaf, where the cells are larger, to the apex and 

base, where the cells are smaller.  Cell division arrest appears to move basipetally and 

cell divisions are complete when the leaf attains approximately half its final size (Poethig 

& Sussex, 1985a). 

1.3.7 Leaf heteroblasty 

Heteroblasty, the phenomenon of variation in the morphology of organs produced 

on the same plant dependent upon the ontogenetic stage at which morphogenesis occurs, 

is observed in leaves of diverse bryophytes and vascular plants.  In contrast, variation in 

leaves due to differing environmental conditions is termed heterophylly and is best 
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known in aquatic plants such as Hippurus vulgaris, which produces broad aerial leaves 

and long, narrow underwater leaves (Wells & Pigliucci, 2000). 

Leaf heteroblasty was noted by Goebel (1900), who interpreted the simple forms 

of juvenile leaves as examples of developmental arrest.  Goebel also described a number 

of examples of plants that revert to the juvenile leaf form when environmental conditions 

are poor.  Heteroblastic differences in leaves have also been linked to gradual increase in 

SAM size (Abbé et al., 1941; Röbbelen, 1957, in Tsukaya et al., 2000; Mueller, 1982), 

changes in the shape of meristematic cells, and an increase in the size of the leaf 

primordium and its apical cell (Mueller 1982). 

The increasingly complex morphology of leaves in a heteroblastic series has been 

considered to reflect leaf elaboration during the evolutionary history of the species.  

Goebel (1900) noted that the juvenile leaves of mosses such as Sphagnum, Fissidens and 

Polytrichum, which exhibit elaborate morphology of the adult leaves, resembled the 

leaves of mosses with simpler adult leaf morphology.  Within a species, the leaves of the 

heteroblastic series may be evolutionarily related, a phenomenon that is termed “serial 

homology” or the early and later leaves may form two discrete evolutionary groups. 

Features that vary in heteroblastic leaves include leaf shape, size and complexity, 

ratios of length to width and of blade length to petiole length, complexity of vasculature, 

numbers of teeth, phyllotactic patterns and distribution of trichomes (reviewed in 

Allsopp, 1967). 

On axillary tobacco shoots, each leaf is larger than the previously initiated leaf up 

to L8 (Poethig and Sussex 1985b).  L9 through L11 are similar in size and, thereafter, the 

leaves are successively reduced in size.  The first two leaves of the basal rosette in 
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Arabidopsis are round and flat with simple venation, entire margins and short petioles.  

Leaves produced later in development are elliptical and epinastic, with more elaborate 

venation, serrated margins and long petioles.  Leaf shape, venation patterns, marginal 

dissection and petiole length change gradually in the leaf series (Martinez-Zapater et al., 

1995).  Consequently, juvenile and adult leaves are distinguished on the basis of the 

absence or presence of abaxial trichomes (Telfer & Poethig, 1994; Chien & Sussex, 

1996; Telfer et al., 1997), which are characteristic of adult leaves, and phyllotaxy, which 

is decussate in juvenile leaves and spiral in adult leaves (Telfer & Poethig, 1994).  Thus, 

heteroblasty in Arabidopsis is characterized by both discrete and gradual changes. 

Because “juvenile” and “adult” suggest a relationship between reproductive 

competence and the production of a more complex leaf form, the terms may be 

misleading (Jones 1999).  Hereinafter, the first leaves initiated on the Physcomitrella  

gametophore will be called “basal” leaves and later leaves will be termed “upper” leaves 

reflecting their positions on the stem and not suggesting any correlation with vegetative 

and reproductive growth. 

1.3.9 Cuticle Formation and Trichome Development 

 The cutin and waxes that comprise the leaf cuticle are synthesized by the 

epidermal cells and secreted to coat the leaf surface.  Cuticle formation involves the 

biosynthesis of very long chain fatty acids that are the precursors of cuticular waxes 

(reviewed in Kunst & Samuels, 2009).  These fatty acids are modified and subsequently 

transported across the cell wall. 

In Arabidopsis, trichome initiation begins in the tip of the leaf primordium and 

proceeds basipetally (see Hülskamp, 2004 for a review of trichome development).  
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Development of individual trichomes begins with cessation of division of evenly spaced 

epidermal cells, which then swell and begin to grow perpendicularly to the leaf surface.  

Three or four branches form at the tip of the trichome and the entire trichome continues 

to grow, producing surface papillae. 

1.4 Hormones involved in leaf development 

The roles of phytohormones, including auxins, cytokinins (CKs), abscisic acid 

(ABA), gibberellins (GAs), ethylene and brassinosteroids (BRs), in plant development 

have been studied extensively and a picture of complex pathways involving multiple 

effects of single hormones, cross-talk among different hormones, hormonal regulation of 

gene functions and genetic regulation of hormone production is emerging (reviewed in 

Li, L-C et al., 2007).  Experiments involving application of exogenous hormones and 

inhibitors of auxin transport to plants as well as investigation of mutant plants that are 

defective in hormone metabolism or transport have revealed numerous roles of hormones 

in leaf development. 

Phytohormones play roles in cell proliferation and cell expansion and, thus, 

influence the size of organs including leaves (reviewed in Mizukami, 2001).  Auxins, 

GAs and BR influence organ length whereas CKs and ethylene promote organ growth in 

the transverse direction. 

1.4.1 The roles of auxins in plant development 

In angiosperms, auxin is synthesized in the SAM and in young leaves and is 

transported basipetally in the plant (see Davies, 2004).  Auxin affects plant growth at the 

cellular level through cell elongation, cell division and cell differentiation.  The 

development of tissues and organs, beginning with embryogenesis and ending with 
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senescence, including the development of vasculature and the formation of leaves, roots 

and fruits, are all influenced by auxin.  In addition, auxin plays key roles in the 

phenomena of apical dominance, gravitropism and phototropism. 

Auxin (reviewed in Li, L-C et al., 2007) is involved in inception of leaf primordia 

and regulation of phyllotaxy in vascular plants.  Auxin also plays roles in cell elongation, 

cell division and cell differentiation in the developing leaf, thus influencing final leaf size 

and shape. 

1.4.2. The role of auxin in acid growth 

 Expansion of plant cells is postulated to occur by a mechanism, termed “acid 

growth,” that involves auxin-induced stimulation of a plasma membrane-bound H
+
-

ATPase.  This results in increased acidification of the apoplast with concomitant cellular 

uptake of K
+
 ions, pH-dependent activation of expansin proteins that loosen bonds 

between cellulose microfibrilsand hemicelluloses and consequent water-uptake and 

turgor-driven extension of the cell wall (Rayle & Cleland, 1970; Hager et al., 1971; 

reviewed in Rayle & Cleland, 1992; reviewed in Hager, 2003).  In tobacco, auxin 

promotes growth without acidification of the cell wall (Keller & Van Volkenburgh, 1998) 

and, therefore, acid growth is not a universal mechanism for auxin-stimulated cell 

expansion in plants. 

1.4.3 The role of auxin in vascular patterning 

Auxin plays a crucial role in vascular patterning which, in turn, influences leaf 

shape (reviewed in Dengler & Kang, 2001).  Three major hypotheses attempt to explain 

the processes involved in establishing the architecture of the leaf vascular system. 
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According to the canalization hypothesis proposed by Sachs (1991), diffusion of 

auxin into cells promotes preferential location of PIN-FORMED 1 (PIN1) auxin efflux 

proteins on the basal sides of those cells, resulting in basipetal polar auxin transport 

(PAT).  This canalizes auxin flux in discrete files of cells that are thereby induced to 

differentiate into vascular tissue.  The affected cells act as auxin sinks and the tendency 

for auxin to flow toward these sinks results in connections between strands that create the 

vascular network. 

However, following examination of Arabidopsis cotyledons in plants harbouring 

mutations in VASCULAR NETWORK (VAN) genes, Koizumi and colleagues (2000) 

disputed the canalization hypothesis on the basis that the vascular architecture in van 

cotyledons was maintained although the vascular network was fragmented.  Koizumi and 

coworkers (2000) supported the diffusion-reaction prepattern hypothesis proposed by 

Meinhardt (1982), who used mathematical modelling to show that localized activation 

and long-range inhibition by different molecules could result in realistic venation 

patterns. 

The leaf venation hypothesis, first proposed by Aloni (2001), states that auxin is 

synthesized in the young leaf primordium of some dicotyledonous plants such as 

Arabidopsis and, later, in the hydathodes of developing leaves and is transported 

basipetally (Aloni et al., 2003).  Auxin accumulates near the sites of provascular 

development and promotes maturation of the vascular tissue.  Proximity of the tips of the 

primary and secondary veins to the hydathodes exposes the vascular tissue to high levels 

of auxin.  Tertiary and quaternary veins mature later in regions of low auxin 

concentration. 
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1.4.4 Cytokinins 

 Adenine-based CKs, including kinetin, zeatin, N
6
-(Δ

2
-isopentenyl)-adenine (i

6
-

Ade) and 6-Benzylaminopurine (BAP) are known to influence cell division (Jablonski & 

Skoog, 1954; Miller et al., 1955) and cell expansion in the transverse direction 

(Mizukami, 2001).  CKs play important roles in SAM function, leaf senescence and 

axillary bud development as well as in root formation and environmental responses (for a 

recent review, see Werner & Schmülling, 2009). 

In mosses, CKs promote bud formation by promoting the transition from growth 

via an apical cell with one cutting face to growth from an apical cell with three cutting 

faces (Cove & Ashton, 1984; Reski & Abel, 1985). 

1.4.5 Auxin-cytokinin interactions 

 Auxins and CKs act synergistically and antagonistically, through cell cycle 

control, to promote cell division in undifferentiated cells and to regulate lateral root 

formation, respectively (reviewed in Coenen & Lomax, 1999).  Auxins and CKs also act 

antagonistically in apical dominance. 

1.4.6 Gibberellins. abscisic acid, jasmonates, ethylene and brassinosteroids 

 GAs are diterpenoid compounds that function in vegetative and reproductive 

development throughout the plant life cycle as well as responses to environmental cues 

such as light and temperature (see Gazzarrini & McCourt, 2003; Davies, 2004).  ABA 

orchestrates responses to pathogens, water stress (including stomatal closure) and cold 

(including leaf abscission and, in terminal buds, induction of dormancy) (reviewed in 

Sarma, 2008). 
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Jasmonates (JA) are synthesized from linolenic acid and perform various roles in 

development and defence including tendril coiling, protein storage, inhibition of 

photosynthesis and resistance to insects and pathogens (reviewed in Creelman & Mullet, 

1997).  Ethylene is a gaseous phytohormone widely known for its role in fruit ripening 

but it also plays roles in growth and development of shoots and roots, including 

regulation of petiole growth, abscission of senescent leaves (reviewed in Bleecker & 

Kende, 2000) and specification of adaxial fate in leaf cells (Xu et al., 2003; Qi et al., 

2004). 

In Arabidopsis, BRs influence both cell proliferation (Altmann, 1998; Nakaya et 

al., 2002) and cell elongation (Altmann, 1998).  Arabidopsis mutants deficient in 

biosynthesis or perception of BRs produce smaller leaves than wild type (Tsukaya, 2002a 

and references therein) due to early slowing and cessation of growth (Nakaya et al., 

2002).  Cells are fewer in number and smaller in size in both the longitudinal and 

transverse directions. 

1.5 Genes involved in leaf development 

 Because the photosynthetic function of leaves is of vital importance in sustaining 

an atmosphere that supports life and in providing food and other important products, 

genes involved in leaf development have been studied extensively in Arabidopsis and a 

number of other plants, including crop plants such as maize and cotton.  A large number 

of genes have been implicated in the development of leaves in vascular plants. 

1.5.1 Gene nomenclature 

 Names of genes and proteins are written in upper case letters for wild type and 

lower case letters for mutants.  Additionally, gene names are italicized while protein 
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names are written in regular font.  Names of gene families conform to commonly used 

conventions.  In particular, the MADS-box family and HD-ZIP family are not italicized 

while the KNOX family is. 

1.5.2 Maintenance of the SAM and differentiation of leaf primordia 

The dynamic interplay of processes that maintain homeostasis of a population of 

pluripotent stem cells in the CZ of the SAM of many angiosperms and concurrently 

promote initiation of determinate, lateral organ primordia from the PZ is regulated by a 

complex network of genes.  Prominent gene interactions in the SAM of some 

angiosperms include a negative feedback loop between WUSCHEL (WUS) and 

CLAVATA(CLV) genes and mutual antagonism of KNOTTED1-like HOMEOBOX 

(KNOX) and ASYMMETRIC LEAVES1 (AS1)/ROUGH SHEATH2 (RS2)/ 

PHANTASTICA(PHAN) (ARP) genes. 

1.5.3 WUS and CLV 

WUS is a homeobox gene that is expressed in an OC that comprises a few cells 

lying within and beneath L3 of the CZ (Mayer et al., 1998).  WUS confers stem cell 

identity on overlying cells to replenish the CZ as cells differentiate to form leaf primordia 

(Laux et al., 1996; Mayer et al., 1998).  WUS and CLV genes in Arabidopsis  are thought 

to be involved in a negative feedback loop in which CLV genes spatially limit expression 

of WUS while WUS promotes expression of CLV3 (Schoof et al., 2000).  Interestingly, 

ectopic expression of WUS in Arabidopsis roots is sufficient to stimulate production of 

leaves (Gallois et al., 2004). 
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1.5.4 KNOX and ARP 

 A second, independent network involving the mutually antagonistic class 1 KNOX 

genes (for a recent review, see Scofield & Murray, 2006) and ARP genes acts in SAM 

maintenance and differentiation of leaf primordia in many gymnosperms and simple-

leaved angiosperms (Sundås-Larsson et al., 1998).  In Arabidopsis, SHOOT 

MERISTEMLESS (STM), BREVIPEDICELLUS (BP), KNOTTED-like from Arabidopsis 

thaliana 2 (KNAT2) and KNAT6 are expressed in the SAM but ARP genes repress class I 

KNOX gene expression in leaves (Tsiantis & Hay, 2003 and references therein; Scofield 

& Murray, 2006 and references therein; Guo et al., 2008). 

In contrast, class 1 KNOX genes are expressed in the primordia of compound 

leaves to maintain meristematic activity that results in leaflet production.  In 

Lycopersicon esculentum (tomato), the class 1 KNOX genes, TKN1 and LeT6/TKN2, are 

expressed in shoot apices, provascular cells and floral and leaf primordia (Hareven et al., 

1996; Chen J-J et al., 1997; Parnis et al., 1997; Janssen et al., 1998).  Similarly, class 1 

KNOX genes in the fern Ceratopteris richardii are expressed in the sporophyte apical 

cell, the leaf primordia, the leaf margins and the leaf vasculature (Sano et al., 2005).  The 

AS1 homologue in Cardamine hirsuta, a compound-leaved plant that is closely related to 

Arabidopsis, controls the number and arrangement of leaflets by regulating class 1 KNOX 

gene expression (Hay & Tsiantis, 2006). 

In Selaginella kraussiana, KNOX and ARP genes are expressed in overlapping 

domains in the meristem (Harrison et al., 2005).  The single ARP gene is expressed in 

leaf primordia but KNOX genes are not.  Furthermore, SkARP1 is able to rescue, either 

partially or fully, the as1-1 phenotype in Arabidopsis, leading Harrison and colleagues 
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(2005) to conclude that recruitment of the KNOX-ARP interaction occurred independently 

in lineages of microphylls and megaphylls to regulate leaf determinacy. 

This hypothesis was disputed by Floyd and Bowman (2006), who argued that, if 

microphylls evolved from either enations or sporangia, the KNOX-ARP mechanism must 

have been recruited for determinacy of the leaf precursor structures and not of the leaves 

themselves.  Additionally, Floyd and Bowman (2006) contended that, since both simple 

and compound megaphylls are determinate, downregulation of KNOX genes promotes the 

transition from axial growth to laminar growth rather than the transition from 

indeterminate growth to determinate growth. 

1.5.5 Specification of adaxial and abaxial domains in leaves 

Along with development of the apical meristem and vascularization, 

adaxialization in Arabidopsis leaves requires the action of class III HOMEODOMAIN 

LEUCINE ZIPPER (HD-ZIPIII) genes.  KANADI (KAN) genes, which interact in mutual 

antagonism with HD-ZIPIII genes, promote abaxialization, a process which also involves 

the downstream action of YABBY (YAB) genes. 

REVOLUTA (REV), PHABULOSA (PHAB), PHAVOLUTA (PHAV) are HD-

ZIPIII genes that are expressed in the adaxial domain of developing Arabidopsis leaves 

and are involved in specification of adaxial cell fate.  The three HD-ZIPIII genes are 

targeted by miR165 and miR166 which, in turn, are downregulated by the myb-domain 

containing protein, AS1, and the boundary specification protein, AS2, to promote 

adaxialization. 

Besides specification by KAN and YAB genes, abaxialization in lateral organs 

involves the auxin response factor (ARF)-encoding genes, ETTIN (ARF3) and ARF4, 
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which are targeted by trans-acting small interfering RNAs (ta-siRNAs) (Pekker et al., 

2005; Chitwood et al., 2009).  Genes in the ta-siRNA pathway, including RNA-

DEPENDENT RNA POLYMERASE6 (RDR6), SUPPRESSOR OF GENE SILENCING3 

(SGS3), ZIPPY (ZIP) and DICER-LIKE4 (DCL4), promote adaxialization (Garcia et al., 

2006). 

Furthermore, translational regulation, mediated by the RIBOSOMAL PROTEIN 

LARGE SUBUNIT (RPL)-encoding genes, ASYMMETRIC LEAVES ENHANCER6 

(AE6/RPL5A), RPL5B, AE5/RPL28A and RPL24B (Yao et al., 2008) as well as AE7 

(Yuan et al., 2010), is involved in adaxialization in leaves in Arabidopsis (Yao et al., 

2008). 

1.5.6 Regulation of development of leaf vasculature 

Vascular patterning in Arabidopsis is governed (reviewed in Fukuda, 2004), in 

part, by genes involved in adaxial-abaxial polarity, including the five class III HD-ZIP 

genes, (Arabidopsis thaliana HOMEOBOX 8 (AtHB8), CORONA (CNA) and the 

aforementioned REV, PHAB and PHAV, as well as KAN and YAB genes (Dengler & 

Kang, 2001).  Adaxialization/abaxialization genes influence the relative locations of 

xylem and phloem cells in the vascular bundle. 

Auxin signalling and PAT appear to be tightly linked to development of leaf 

vasculature since mutations in genes involved in auxin signalling and transport, such as 

SCARFACE (SFC), MONOPTEROS (MP), BODENLOS (BDL). AUXIN RESISTANT6 

(AXR6) (reviewed in Reinhardt, 2003), TORNADO1 (TRN1) and TRN2 (Cnops et al., 

2006) affect vascular development. 
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Vascular development also involves VAN (Koizumi et al., 2000) genes and the 

myb domain genes, PHAN and ALTERED PHLOEM DEVELOPMENT (APL) (Bonke et 

al., 2003). 

1.5.7 Regulation of leaf size 

Leaf size is controlled at the cellular and supracellular levels (Tsukaya, 2003).  

Cell theory and organismal theory predict that morphogenesis is controlled at the cellular 

and organismal levels respectively.  In some mutant plants, compensation for a reduction 

in number of cells by cell enlargement suggests that leaf shape is controlled at the organ 

level rather than at the cellular level (Tsukaya, 2002a).  In tobacco leaves, for example, 

although overexpression of AtAUXIN BINDING PROTEIN 1 (ABP1) increases cell 

volume, organ size is unaffected because cell proliferation decreases (Jones et al., 1998).  

In other mutants, no compensatory system is available and thus, leaf size, proportions and 

contour are altered when the normal rates, extent or orientation of cell proliferation or 

cell expansion are perturbed (Tsukaya 2002a). 

 In Arabidopsis, loss of function of AINTEGUMENTA (ANT), a member of the 

AP2/ERF family of transcription factors, results in diminished leaf size in both the 

longitudinal and transverse dimensions due to decreased cell divisions (Mizukami & 

Fischer, 2000).  Conversely, overexpression of ANT results in increased duration of cell 

proliferation and consequent augmentation of leaf size. 

Cell cycle control is an important element in leaf growth and development.  Two 

D-type cyclins (CycDs) affect cell division in developing leaves differently (Meijer & 

Murray, 2001 and references therein).  In mutant Arabidopsis plants overexpressing 

CycD3, the leaf cells are small and incompletely differentiated and the leaves curl.  
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Overexpression of CycD2 in tobacco results in leaves of normal form although cell 

division is increased.  Tobacco plants harbouring a dominant negative loss-of-function 

cdc2a mutation exhibit abnormally small leaves with fewer, larger cells than in wild type 

leaves. 

In Antirrhinum, cincinnata (cin) mutants exhibit round leaves with wavy margins 

as compared to wild type leaves, which are elliptical and flat (Nath et al. 2003).  This is 

due to extension of the duration of growth in the width direction without any change in 

the growth rate.  The wave of cell cycle arrest in the leaves begins at the apex and moves 

with a circular front toward the leaf base.  In cin mutants, expansion of cells in the apical 

and basal regions begins at approximately the same time as in wild type but is delayed in 

the middle region of the leaf, indicating that the duration of cell proliferation in the centre 

of the leaf is greater.  Consequently, the leaf index of the cin mutant is approximately 1.0 

as compared with the wild type leaf index of approximately 1.5. 

 Expansins are wall proteins that loosen bonds between cellulose microfibrils and 

hemicelluloses (Thompson, 2005).  The expansin superfamily comprises four families:  

the α-expansins (EXPA) and β-expansins (EXPB), which have been shown to extend 

plant cell walls, and the expansin-like A (EXLA) and expansin-like B (EXLB) families, 

of which the functions are unknown. 

1.5.8 Regulation of development of the leaf cuticle, stomata and trichomes 

Several permeable leaves (pel) mutants are defective in cuticle formation and 

some pel mutants exhibit fused lateral organs (Tanaka et al., 2004) and leaves that are 

crinkled due to tangling of the trichomes (Marks et al., 2009).  Cuticular lipid monomers 

or oligomers are thought to be transported through the plasma membrane and wall of the 
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epidermal cells by ATP-binding cassette (ABC) transporters including ECERIFERUM5 

(CER5) and DESPERADO (DSO) for extracellular polymerization (Pighin et al., 2004; 

Panikashvili et al., 2007; Panikashvili & Aharoni, 2008).   

Stomatal development requires regulation by several genes, many of which are 

active in stomatal spacing (for reviews, see Nadeau & Sack, 2002; Nadeau, 2009).  Over 

40 genes involved in trichome development have been identified (for a recent, 

comprehensive list of trichome developmental genes and mutant phenotypes, see Marks 

et al., 2009). 

1.6 Plant evolution 

Our understanding of terrestrial plant evolution, once based solely on comparison 

of morphological features of extant plants has been enhanced by the discovery of plant 

fossils from as early as the Ordovician Period and, more recently, by analysis of gene 

evolution including investigation of changes in gene regulation. 

Land plants are considered to have evolved from charophyte-like algae, probably 

in freshwater habitats (reviewed in Kenrick and Crane, 1997).  Mosses and other 

bryophytes, a polyphyletic group that diverged early from vascular plants, exhibit 

gametophyte-dominant alternation of generations, producing unbranched, matrotrophic 

sporophytes.  The sporophyte generation probably evolved as a result of delayed meiosis 

resulting in the development of a multicellular sporophyte (see Kenrick, 1994; Graham & 

Wilcox, 2000).  Elaboration of the sporophyte generation in vascular plants included 

innovations such as “true” leaves and roots, “true” vasculature and a waxy cuticle.  

Similarities between the leafy shoots of the moss gametophyte and the sporophyte bodies 
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of tracheophytes raise intriguing questions about the developmental processes and genetic 

regulation of morphogenesis that result in common features of land plants. 

1.6.1 Leaf evolution 

Vascular plant leaves are considered to have evolved independently in each of the 

major plant lineages and are frequently grouped into microphylls (small, simple leaves 

exhibited by lycophytes) and megaphylls (possessed by euphyllophytes) (reviewed in 

Tomescu, 2008).  Two theories, the enation theory (Bower, 1908) and Zimmermann‟s 

telome theory (Zimmermann, 1952; reviewed in Beerling & Fleming, 2007) attempt to 

explain the evolution of microphylls from outgrowths from the stem and megaphylls 

from webbing between dichotomous branches respectively.  An alternative explanation of 

microphyll evolution by sterilization of sporangia was proposed by Crane and Kenrick 

(1997). 

Maintenance of indeterminacy in the apical meristem and promotion of 

determinacy in leaves was believed to be regulated by antagonistic interaction between 

KNOX genes and ARP genes in microphylls and simple megaphylls (Harrison et al., 2005 

and references therein).  However, examination of expression patterns of KNOX and ARP 

genes in diverse plants reveals a more complex and varied picture of KNOX and ARP 

functions (see Tomescu, 2008; Efroni et al., 2010). 

The involvement of class III HD-ZIP genes in apical meristem function and 

vascular patterning and differentiation appears to be conserved in lycophytes and seed 

plants (Floyd & Bowman, 2006).  In contrast, HD-ZIPIII functions in leaf initiation, leaf 

adaxialization and laminar outgrowth may have evolved in the seed plant megaphylls and 

not in lycophyte microphylls. 
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Moss leaves evolved independently of vascular plant leaves.  The moss leaf 

frequently exhibits a unistratose lamina and is considered to lack “true” vasculature.  

Whether hydroids and leptoids in mosses are homologous to xylem and phloem cells in 

vascular plants is unknown (Renzaglia et al., 2000). 

1.7 Evo-devo 

In the last few decades, a new field of study has arisen: evolutionary-

developmental genetics (evo-devo), of which the chief tenet is that evolution and 

development are closely intertwined and the evolution of genes that regulate the 

development of organisms and the somatic structures that define each of them was 

instrumental in the evolution of the organisms and of those structures (Theiβen & 

Saedler, 1995). 

1.8 The moss, Physcomitrella patens 

Physcomitrella patens (Hedw.) B.S.G. (Aphanorrhegma patens), a member of the 

family Funariaceae, is a temperate moss growing in Europe, North America and Japan.  It 

colonizes disturbed spaces, growing opportunistically on mineral-rich soils (see Lang et 

al., 2008).  Almost all of the cultures of Physcomitrella used for research today, including 

those used for the genome sequencing project, are descended from a single spore 

collected in Gransden wood, Huntingdonshire, UK by H. L. K. Whitehouse (Engel, 

1968). 

The life cycle of Physcomitrella, like that of other bryophytes, is gametophyte-

dominant and begins with spore germination involving the protrusion of a filament which 

exhibits apical growth (For descriptions of the life cycle see, for example, Cove & 

Knight, 1993; Schaefer & Zrÿd, 2001; Cove, 2006).  The filament branches to produce a 



32 

 

mat of protonemal filaments comprising chloronemal filaments and caulonemal 

filaments, the latter of which can produce callus-like buds that develop into upright leafy 

shoots called gametophores.  The gametophore consists of a photosynthetic stem with the 

leaves distributed in a helical pattern around it.  Rhizoids grow from the stem base and, as 

the gametophores ages, from the leaf axils. Male and female gametangia form on the 

same gametophore.  Following gamete production and fertilization, the zygote divides to 

produce a matrotrophic sporophyte consisting of a foot, setum and capsule.  Spores are 

produced within the capsule, which eventually breaks open irregularly to release the 

spores. 

1.8.1 Physcomitrella leaves 

The leaves of Physcomitrella are oblong-lanceolate to obovate, with margins that 

may be serrulate at the distal end and that are often reflexed when dry.  The lamina is 

unistratose (Courtice & Cove, 1983) and the costa is subpercurrent.  Physcomitrella 

leaves have been reported to lack a waxy cuticle (Liénard et al., 2008).  However, 

patterns of staining with toluidine blue O and Sudan IV before and after treatment with 

NaOH indicate that a cuticle coats the leaves of Physcomitrella (Wyatt et al., 2008).  

Trichomes and stomata are absent from Physcomitrella leaves. 

Phyllotaxy in Physcomitrella is helical.  The generative spiral winds clockwise on 

some gametophores and counter-clockwise on others and several different parastichies 

occur in varying frequencies: (1+2) – 22%; (1+3) – 16%; (2+3) – 54%; (3+5) – 8% 

(Ashton & Raju, 2000). 
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1.8.2 Leaf heteroblasty in Physcomitrella 

Heteroblasty in Physcomitrella was noted by Sakakibara and colleagues (2003), 

who categorized “juvenile” and “adult” leaves on the basis of the absence or presence of 

a midrib respectively.  They also identified specialized cells in the midrib including 

epidermal cells, stereids, hydroids and deuters.  They found that hydroids and stereids in 

the costa were connected to leaf traces in the stem, although the leaf traces were not 

connected to the hydroid cells in the centre of the stem.  Leaf shape in Physcomitrella 

was generalized as “oblanceolate” and juvenile leaves were described as “small and 

oblong with acute tips” by Harrison and colleagues (2009).  However, the morphology 

and development of the heteroblastic leaf series in Physcomitrella has not been described 

in detail. 

1.8.3 Leaf morphogenesis in Physcomitrella 

Unlike vascular plant leaf primordia that are produced from a multicellular, 

layered SAM, moss leaves are initiated from the three cutting faces of a single, 

tetrahedral, shoot apical cell (Harrison et al. 2009).  The leaf apical cell then cleaves 

daughter cells alternately from both sides to produce daughter segments which divide 

further to form the leaf. 

1.8.4 Aberrant leaf morphology in Physcomitrella 

 Aberrant leaf morphology is uncommon in wild type Physcomitrella plants grown 

under standard laboratory conditions.  In an examination of 419 haploid plants that had 

undergone mock-transformation, using a standard transformation protocol but without 

added DNA, approximately 93% of the plants exhibited wild type gametophores 

(Schween et al., 2005).  Deviations from wild type leaf morphology included necrosis 



34 

 

(1.2 %), forking or twisting of the leaf tip (0.7% and 0.2 % respectively) and other 

aberrations (4.8%). 

In Physomitrella polyploidy can result in the production of leaves exhibiting 

abnormal morphology including forked tips, twisting of the leaf apex, outgrowths and 

lack of midribs as well as reduced numbers of gametophores and asymmetry of the shoots 

(Schween et al., 2005).  Some hybrids produced by protoplast fusion experiments 

(Grimsley et al., 1977) exhibit discontinuous leaf boundaries, forked leaf tips and 

bifurcated midribs (Courtice & Cove, 1983). 

1.8.5 Phytohormones in Physcomitrella 

Physcomitrella synthesizes the auxin, indole-3-acetic acid (IAA) (Ashton et al., 

1985).  IAA diffuses or is transported out of the tissue and accumulates in the growth 

medium (Ashton et al., 1979a; Cove et al., 1980).  Auxin is required for the production of 

caulonemal filaments from chloronemal filaments and for formation of gametophores 

(Ashton et al., 1979b; Cove et al., 1980). 

The predominant endogenous cytokinin species in Physcomitrella are N
6
-(Δ

2
-

isopentenyl) adenine (Wang et al., 1980, 1981 a,b) and cis-zeatin (reviewed in 

Schwartzenberg, 2006).  Physcomitrella also produces trans-zeatins, which are the major 

cytokinins in seed plants (Schwartzenberg, 2006).  Cytokinins are required for 

differentiation of caulonemal filaments and induction of budding in Physcomitrella (Cove 

& Ashton, 1984; Reski & Abel, 1985).  Two transgenic strains of Physcomitrella that 

overexpress the CYTOKININ OXIDASE/DEHYDROGENASE 2 (CKX2) gene from 

Arabidopsis exhibit delayed bud formation and, frequently, reduced size of gametophores 

(Schwartzenberg et al., 2007). 
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In Physcomitrella, auxins and cytokinins act antagonistically to enhance and 

inhibit the development of caulonemata respectively.  The two hormones are thought to 

act synergistically to inhibit production of secondary chloronemata and to promote the 

formation of gametophores in Physcomitrella (Ashton et al., 1979b).  The application of 

exogenous CK to protonema induces budding in a concentration-dependent manner 

(Reski & Abel, 1985). 

In Physcomitrella, application of exogenous ABA upregulates 56 genes (Cuming 

et al., 2007).  ABA is involved in drought resistance and freezing tolerance in 

Physcomitrella (reviewed in Cove et al., 2006). 

Strigolactones are a recently discovered class of terpenoid plant hormones 

(Gomez-Roldan et al., 2008; Umehara et al., 2008), which act downstream of auxin to 

inhibit shoot branching in vascular plants (Brewer et al., 2009).  In Physcomitrella 

strigolactones regulate caulonemal branching and colony extension (Proust et al., 2011). 

The moss homologues of GA receptors and DELLA proteins that function in GA 

signalling in tracheophytes do not interact in Physcomitrella and no effect of exogenous 

10 μM GA3 on gametophytic growth was observed in the moss (Yasumura et al., 2007).  

Genes similar to vascular plant genes that are involved in the ethylene signalling pathway 

are present in the Physcomitrella genome (Rensing et al., 2007 and references within) but 

whether ethylene signalling occurs in Physcomitrella is unknown.  BR signalling is not 

known to occur in Physcomitrella (Rensing et al., 2008). 

1.8.6 Genetic regulation of leaf development in Physcomitrella 

 Few genes that regulate leaf morphogenesis in Physcomitrella have been 

characterized.  Strains in which expression of three MIKC
C
 MADS-box genes has been 
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knocked down exhibit aberrant leaves (Singer et al., 2007).  KNOX genes, which perform 

key functions in leaf morphogenesis in vascular plants, do not appear to play a role in 

gametophytic development (Singer & Ashton, 2007; Sakakibara et al., 2008). 

1.8.7 Advantages of Physcomitrella as a model organism 

Physcomitrella is a small plant that grows on simple media in laboratory 

conditions that are easily controlled (reviewed in Cove et al., 2006).  The leaves of 

Physcomitrella are unistratose except for the midrib and, therefore, individual cells can 

be counted and measured and cell lineages can be tracked. 

Physcomitrella is amenable to genetic study (reviewed in Cove, 2005) because the 

dominant gametophytic generation is haploid and, thus, the phenotypic effects of 

mutations can be observed directly in the progeny.  Furthermore, Physcomitrella was the 

first plant known to incorporate exogenous DNA into its genome by homologous 

recombination at a high frequency.  The resulting amenability of Physcomitrella to 

targeted mutagenesis makes the moss an attractive organism for reverse genetics. A large 

number of mutant strains of Physcomitrella, including several mutants exhibiting 

aberrant leaf morphology (Egener et al., 2002), are available for study. 

The Physcomitrella genome was the fifth plant genome to be fully sequenced.  As 

more and more plant genomes are sequenced and comparative genomics approaches to 

plant evolution are thereby facilitated, interest in compiling a list of genes shared by all 

land plants to predict by extrapolation the list of genes present in the last common 

ancestor grows.  Furthermore, elucidating recruitment of homologous genes for similar 

functions in plants from different major lineages becomes attractive. Additionally, the 

sequences of several hundred thousand expressed sequence tags (ESTs) obtained from 
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various tissue types are publicly available, permitting investigation of gene expression 

patterns. 

Mosses form a monophyletic group that diverged from the lineage leading to 

vascular plants approximately 500 MYA (Zimmer et al., 2007) and, consequently, hold a 

phylogenetically informative position.  Mosses are simpler than vascular plants and yet 

many features of moss morphology and many responses to cues from the external and 

internal environments are similar to those of tracheophytes.  Similarly, processes of moss 

development are analogous to those of vascular plants, and the majority of moss genes 

are homologous to vascular plant genes (Shaw & Renzaglia, 2004). 

1.9 Rationale 

The study of morphology, in the forefront of biological investigation during the 

1800s, has declined in popularity as investigation of genes and genomes has been widely 

adopted as a means of understanding plant development and evolution. Yet the study of 

morphology is, according to Darwin, “the most interesting department of natural history, . 

. . . its very soul” (1902), a contributor to the elucidation of evolutionary convergence and 

a useful tool (Kaplan, 2001) for generating testable hypotheses (Goethe, 1790 in 

Friedman, 2009).  Although Physcomitrella is gaining popularity as a model organism, 

the morphology of Physcomitrella leaves has not been described in detail. 

 Leaf morphogenesis in Physcomitrella is not fully understood, although some 

aspects of it have been examined (Harrison et al., 2009).  Signalling is a key component 

of developmental processes.  The effects of auxins and cytokinins on gametophore 

development in Physcomitrella have been investigated but detailed knowledge of 

hormonal effects on developing leaves is limited. 
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The study of mutants can be invaluable in understanding normal development.  

Although aberrant leaf phenotypes have been observed in many of the numerous mutant 

strains of Physcomitrella that are available for study (Egener et al., 2002), little is known 

about abnormal leaf development in the moss. 

Knowledge of morphology is essential to understanding gene function and, thus, 

is critical to the field of evolutionary developmental biology (Friedman et al., 2008).  

Although bryophyte and tracheophyte leaves are not homologous structures, homology at 

the level of genetic regulation of leaf morphogenesis may be responsible for 

morphological features and developmental processes that are shared by leaves from both 

lineages.  However, genetic regulation of leaf morphogenesis in Physcomitrella is poorly 

understood. 

Thus, a comparative approach to understanding leaf morphology and the 

processes of leaf development in Physcomitrella and vascular plants, coupled with 

bioinformatic investigation of Physcomitrella homologues of genes that play significant 

roles in leaf development in vascular plants, can elucidate parallel aspects of leaf 

evolution. 

1.10 Objectives 

This study aims to provide a detailed description of leaf morphology and 

development in Physcomitrella.  Investigation of basal and upper leaves of the 

heteroblastic series will aid in understanding whether the two types of leaves form 

morphologically distinct groups or a continuous series, in which the transition from the 

basal leaf form to the upper leaf form is part of a gradual process of morphological 

change that affects all leaves on the stem.  Experimentation with the application of 
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exogenous auxin and cytokinin, along with examination of mutant strains, will elucidate 

the ontogenetic processes that contribute to leaf size and shape.  Comparative 

bioinformatic investigation of Physcomitrella homologues of genes that regulate leaf 

morphogenesis in vascular plants will identify elements of homology that may exist at the 

level of genetic regulation of leaf development in bryophyte leaves and tracheophyte 

leaves.  
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 2. MATERIALS AND METHODS 

 

2.1 Strains of Physcomitrella 

The pabB4 strain (Ashton and Cove 1977), an auxotrophic mutant strain of 

Physcomitrella that requires the addition of p-aminobenzoic acid to the growth medium 

but is otherwise phenotypically indistinguishable from the wild type as it was several 

decades ago, was used for the study of normal development. 

Two other mutant strains were selected for investigation from available MADS-

box and KNOX knock-out strains.  Previous mutagenesis experiments targeting MIKC
C
 

MADS-box genes produced a majority of single knockout and double knockout strains 

that were indistinguishable from the background strain and a few single knockout strains 

that exhibited abnormal leaf phenotypes (Singer et al., 2007).  From the latter group, the 

MM2-G 3-1 strain was chosen for further study.  Additionally, the MKN Triple 33-S 

strain, in which three KNOX genes, MKN1-3, MKN2 and MKN4, had been knocked out, 

was thought to be phenotypically normal in the gametophyte generation (Singer & 

Ashton, 2007).  However, since KNOX genes play important roles in SAM maintenance 

and compound leaf development in vascular plants, the MKN Triple 33-S strain was 

chosen for closer examination. 

Additionally, the database of the International Moss Stock Centre was searched 

for haploid strains that exhibited abnormal leaf morphology and that grew as well as wild 

type on minimal medium.  Fifteen strains were screened and the 55284 and 62550 strains 

were chosen for their large and small leaf cell sizes, respectively. 
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2.2 Culture conditions 

Gametophytes were grown axenically on agar plates or in 30 mL glass vials on 

sterile, solid ABC medium (Knight et al. 1988) supplemented with p-aminobenzoic acid 

(18 µM).  Cultures of the 55284 and 62550 strains were grown on modified Knop‟s 

medium (Egener et al., 2002) for approximately one month before transfer to modified 

ABC medium.  To reduce water loss, agar plates were placed under one layer of clear 

resin filter (Roscolux, No. 114, Hamburg frost; MacPhon Industries, Calgary, AB, 

Canada).  Cultures were incubated at approximately 20 ºC and approximately 20% 

relative humidity under continuous light supplied by Cool White (Westinghouse, Regina, 

SK, Canada) fluorescent tubes. 

For subculturing on solid medium in Petri dishes, approximately 1 g of tissue was 

harvested and homogenized in sterile distilled water using a Sorvall Omnimix.  Agar 

plates were inoculated with approximately 2 mL of aqueous suspension of fragmented 

moss tissue.  Cellophane disks were routinely laid over the culture medium to facilitate 

later harvesting (Grimsley et al. 1977).  To culture gametophores for dissection and 

study, approximately 0.5 mL of aqueous suspension was used to inoculate each glass vial 

containing 15 mL of medium. 

Culture tubes containing mutant strains and pabB4 controls were randomized in 

racks for the growth period. 

2.3 Application of exogenous hormones 

Synthetic phytohormones were applied to cultures aged 4 to 5 weeks.  400 µl of 

aqueous solutions of various molarities were pipetted into each tube to obtain the final 

desired concentrations of the hormones. 
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A solution of the synthetic cytokinin, BAP (Sigma), in sterile distilled water was 

used resulting in a final concentration of 1.0 µM, 2.5 µM or 5.0 µM taking the medium 

into account.  BAP did not dissolve well in water and, therefore, BAP was also dissolved 

in 1 M KOH to yield final concentrations of 11.5 µM BAP and 50 µM KOH taking the 

medium into account.  Improved dissolution of BAP in KOH was expected to result in a 

more uniform concentration of BAP across the surface of the agar slant. 

The weakly active synthetic auxin, β-naphthalene acetic acid (β-NAA) (Sigma), 

was dissolved in absolute ethanol and diluted with sterile distilled water to yield final 

concentrations of β-NAA between 0.5 µM and 5 µM, as reported in the Results and 

Discussion, and 0.05% ethanol when taking the volume of medium into account.  Culture 

vials containing β-NAA were placed under one layer of red resin filter (Roscolux, No. 27, 

medium red; MacPhon Industries, Calgary, AB, Canada) to prevent degradation of β-

NAA (Ashton, 1998).  Half of the control tubes containing 0.05% ethanol were placed 

under red filters and half were placed under white light.  After periods ranging from 3 d 

to 8 d, as reported in the Results and Discussion, gametophores were removed and 

dissected. 

Shoots dissected from cultures exposed to β-NAA or BAP were removed from the 

upper half of the agar slant to avoid any effect that pooling of the hormone and solvent at 

the base of the slant may have had on the gametophores.  Shoots that appeared abnormal 

were chosen from cultures treated with BAP dissolved in water, since the concentration 

of BAP was expected to vary across the surface of the agar slant. 
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2.4 Staining, photomicroscopy and measurement 

Gametophores were removed from cultures aged 27 d to 92 d.  In most cases, the 

shoots chosen for dissection and measurement were among the largest in the culture. This 

limited variability in shoot size and, since the stems on these shoots were elongated, 

facilitated establishing the leaf order. 

A few growing leaves were placed in NaOH for a few minutes and stained with 

Toluidine Blue O to facilitate cell counts. 

Leaves were photographed using bright field or differential interference contrast 

optics in an Olympus system consisting of a DP72 camera mounted on BX51 

microscope.  Linear and area measurements were obtained using Photoshop CS4 

Extended. 

 Mean cell length, mean cell width and mean cell area were estimated by dividing 

the maximum leaf length by the number of cells in a longitudinal file at or near the 

midline of the leaf, the maximum leaf width by the number of cells in a transverse file at 

the widest part of the leaf and the leaf area by the numbers of laminal cells, respectively.  

A small degree of inaccuracy in the calculations for mean cell width and mean cell area 

for some leaves is due to the inclusion of the midrib width and midrib area in the 

calculations although midrib cells were not included in the cell counts.  Means are 

reported with 1.96 x standard error.  Because not all measurements could be obtained 

from each individual leaf, the sample size for each data set is reported in the Results 

section. 

Because most of the young auxin-fed leaves curled and twisted during mounting 

for photomicroscopy, the leaf area could not be accurately measured and the cells could   
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Fig. 1 Landmarks for generation of consensus outlines 

 

In this example, the landmarks (orange circles) used to generate consensus leaf outlines 

are shown outside the leaf margins for clarity. 
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not be counted.  Accordingly, the area of patches of cells on several leaves, comprising a 

total of 119 cells, was measured and average cell sizes were calculated. 

Curve-fitting was performed in Excel or OriginPro 8.5 (OriginLab Corp., 

Northampton, MA) and comparisons of the fit of two datasets to a model were performed 

in OriginPro 8.5.  Student‟s t-tests and Analyses of Variance (ANOVA) were performed 

in Excel.  Measures of statistical significance are as reported in the Results section. 

2.5 Generation of consensus leaf outlines 

Sixteen landmarks were placed on cell walls in photographs of leaves with and 

without midribs (see Fig. 1 for an example) and the coordinates of each landmark were 

digitized using tpsDig b.2 software (Rohlf, 2010).  Generation of consensus shapes was 

performed using tpsPLS (Rohlf, 2006). 

2.6 PCR screening for MIKC
C
 genes knocked out by illegitimate recombination 

 The MM2-G 3-1 strain was tested using the polymerase chain reaction (PCR) to 

determine whether PpMADS-S, PPMC5 or PPMC6 had been knocked out by illegitimate 

recombination.  Whole genomic DNA was extracted from protonemal tissue using the 

DNeasy Plant Kit (Qiagen).  Two pairs of gene-specific primers (Appendix A) were 

designed and used in PCR experiments to attempt to amplify overlapping fragments 

extending from the 5'  untranslated region (UTR) to the 3' UTR of each gene (Fig. 2). 

Fragment lengths were estimated by electrophoresing the PCR products through 

1% agarose gels using TAE buffer along with the 1 kb ladder (Fermentas) at 75 V for 

approximately 45 minutes.  Since the fragments representing the 5' ends of PpMADS-S 

and PPMC6 were both expected to be 1284 bp in length, PCR products were digested 

using BamHI (Fermentas) according to the manufacturer‟s instructions.  The products of   
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Fig. 2 Schematic diagram of predicted PCR products 

Schematic diagram (not to scale) of an intact MIKC
C
 gene (a) showing the 5' and 3' UTRs 

(gray) and the coding sequence plus introns (red) and indicating the positions of gene-

specific primer pairs designed to amplify overlapping fragments from the 5' end (dark 

arrows) and 3' end (light arrows) of the gene.  The expected PCR products are shown (b) 

along with the lengths of the fragments representing each gene of interest. 
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these reactions were resolved through a 2.5% agarose gel.  Gels were stained with 

ethidium bromide and photographed using a Canon PowerShot S5 IS digital camera. 

.2.7 Identification of candidate leaf developmental genes in Physcomitrella 

A literature search for genes involved in leaf development in vascular plants was 

conducted.  The amino acid sequence of one vascular plant homologue of each gene was 

chosen, in the majority of cases from Arabidopsis, to use as a query for a tblastn 

(Altschul et al., 1990) search of JGI‟s Physcomitrella patens genome database (Rensing 

et al., 2008).  Arabidopsis sequences were obtained from The Arabidopsis Information 

Resource (TAIR) (http://www.arabidopsis.org/).  GenBank accession numbers for 

sequences from other species are as follows: Zea mays KN (ZmKN1) (AY260164), 

Antirrhinum majus CINCINNATA (AmCIN) (AY205603), ZmLEAFBLADELESS1 

(ZmLBL1) (NM_001112519.1).  Genes implicated in the development of stomata and 

trichomes were omitted from further study unless they affected other aspects of leaf 

morphogenesis.  Because the effects of cytokinins on leaf development have not, in most 

cases, been linked to specific genes in the literature, genes that act in the cytokinin 

pathway were identified by using the keyword “cytokinin” as query in the Advanced 

Search tool of the Joint Genome Institute‟s (JGI‟s) Physcomitella database. 

Unnamed Physcomitrella HD-ZIP genes were designated by scaffold number 

following Mukherjee and colleagues (2009).  The scaffold numbers of a few gene models 

that were interpreted differently in this study from that of Mukherjee and coworkers 

(2009) were prefixed by EB. 

Percentage identity of protein sequences was determined using pairwise Clustal 

W2 (Larkin et al., 2007) alignments and calculating the  proportion of amino acid 



48 

 

residues in the vascular plant sequence that were identical to the corresponding residues 

in the Physcomitrella sequence.  For cytokinin-related genes, the corresponding protein 

sequences were aligned with their closest homologues from Arabidopsis as determined 

by a tblastn search of the TAIR coding sequences (cds) using a representative 

Physcomitrella protein sequence as query. 

EST evidence for Physcomitrella genes was sought in the National Center for 

Biotechnology Information‟s (NCBI‟s) (http://www.ncbi.nlm. nih.gov/) Unigene and, for 

selected genes, in NCBI‟s collection of Physcomitrella ESTs.  Since a large number of 

ESTs were recently added to the Physcomitrella genome database available in Cosmoss 

(www.cosmoss.org), the Cosmoss ESTs were investigated for a few selected genes.  For 

cases in which both the 5' and 3' reads for a single EST were available the two reads were 

counted as a single EST. 

Selected Physcomitrella sequences that were > 25% identical with their vascular 

plant homologues and that were represented by ESTs from gametophores or mixed 

gametophytic tissue were investigated further.  MIKC
C
 MADS-box genes and KNOX 

genes were investigated thoroughly because strains in which these genes had been 

knocked out were available for study.  The duplication history of MIKC
C
 MADS-box 

genes and class 1 KNOX genes was investigated by comparing the scaffold regions 

upstream and downstream of pairs of related genes. 

2.8 Phylogenetic analysis 

Sequences used for phylogenetic analysis are those that correspond to the MADS-

box gene and KNOX gene models annotated by Elizabeth Barker or Neil W. Ashton in 

the JGI database.  The sequences were aligned in ClustalW2 (Larkin et al., 2007) and 

http://www/
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adjusted manually by eye in MacClade (Maddison & Maddison, 1992).  Weighted 

Maximum Parsimony (WMP) and Maximum Likelihood (ML) trees were constructed 

using PAUP* (Swofford, 2002) and the default settings.  For Maximum Parsimony, 

characters were reweighted by rescaled consistency index.  Bootstrap values were based 

on 1000 replicates except where noted below.  Bayesian analyses were performed using 

MrBayes (Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck, 2003).  Burn-in for 

Bayesian trees was 25% of all samples.   Trees were visualized using TreeGraph2 (Stöver 

& Müller, 2010). 

Previously unknown MADS-box genes were classified and their relationships to 

plant MADS-box genes from diverse taxa were inferred from preliminary unrooted 

Bayesian and WMP trees.  The MADS domain sequences (see Appendix B for the 

alignment), comprising approximately 60 amino acids, of the 24 MADS-box genes from 

Physcomitrella (excluding the pseudogenes), 99 genes from Arabidopsis, 8 genes from 

the ferns, Ceratopteris richardii and Ceratopteris pteroides, 5 genes from the lycophyte, 

Lycopodium annotinum, 1 gene each from the lycophytes, Selaginella remotifolia and S. 

moellendorffii, the charophycean green algae, Chara globularis, Coleochaete scutata, 

and Closterium peracerosum-strigosum-littorale, and the chlorophyte green algae, 

Osterococcus lucimarinus and O. tauri, were used.  For Bayesian analysis, the mixed 

model and the default settings except for nchains = 8 were used and 3 million generations 

were performed.  For theWMP tree, MaxTrees was set at 600 and bootstrap values were 

based on 500 bootstrap replicates. 

For the MIKC
C
 MADS-box tree, the complete DNA sequences of the genes were 

used except for small portions that did not align unambiguously and the trees were rooted 
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with the portions of the MADS-box and K-box of the MIKC* genes, PpMADS2 and 

PPM6, that aligned well (see Appendix C  for the alignment).  Evolutionary models were 

tested using jModelTest (Guindon & Gascuel, 2003; Posada, 2008) using the default 

settings and the best model was chosen using the Akaike Information Criterion (Akaike, 

1974) corrected for small samples (AICc) (Hurvich & Tsai, 1989).  For the ML and 

Bayesian trees, the TIM3+G model was used with the following parameters:  nst=6, 

basefreq (0.2639, 0.2274, 0.2912, 0.2176), revmat (0.7582, 2.2044, 1.0000, 0.7582, 

3.6125, 1.0000), rates = gamma, ncat=4, shape=0.6500, pinvar=0.  For the Bayesian tree, 

800,000 generations were run.  A WMP tree was also constructed. 

For the KNOX tree, the sequences of the putative Physcomitrella proteins and 

selected proteins from Zea mays, Arabidopsis thaliana and Selaginella moellendorffii 

were used (see Appendix D for the alignment).  The vascular plant sequences are from 

NCBI (ZmKN1, AY260164) , TAIR (STM, At1g62360; BP, At4g08150; KNAT2, 

At1g70510; KNAT3, At5g25220; KNAT4, At5g11060; KNAT5, At4g32040; KNAT6, 

At1g23380; KNAT7, At1g62990;) and the JGI database for S. moellendorffii 

(http://genome.jgi-psf.org/Selmo1/Selmo1.home.html,  Protein ID numbers: SmKN1, 

450995; SmKN2, 159366; SmKN3, 451277; SmKN5, 450988).  The tree was rooted with 

KNOX protein sequences from the green algae, Ostreococcus lucimarinus ( OlKN1) and 

O. tauri (OtKN1), found by a tblastn search of the respective JGI databases 

(http://genome.jgi-psf.org/ Ost9901_3/Ost9901_3.home.html and http:// genome.jgi-

psf.org/Ostta4 /Ostta4. home.html) using KN1 as a query sequence.  WMP and Bayesian 

trees were constructed.  For the Bayesian tree, the mixed model was used and 700,000 

generations were run. 

http://genome.jgi-psf.org/%20Ost9901_3/Ost9901_3.home.htm
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3 RESULTS 

3.1 Numbers of leaves on an individual gametophore 

Under the culture conditions used in this study, gametophores first appeared when 

the culture was approximately 14 d old.  In most cases, the largest shoots from each 

culture were chosen for measurement.  Gametophores from cultures aged 34 d to 37 d 

possessed 9 to 17 leaves.  Assuming that the largest shoots were the first shoots initiated, 

the average plastochron length was between approximately 1.18 d and 1.35 d. 

3.2 Leaves from a typical gametophore 

 Photographs of the mature leaves from a typical gametophore reveal patterns of 

variation that are consistent in Physcomitrella shoots (Fig. 3).  The outline of the leaf 

changes from approximately rectangular, with a pointed tip, to lanceolate and successive 

leaves increase in size from the base toward the apex of the shoot.  The leaves are 

approximately bilaterally symmetrical but a degree of asymmetry is apparent in the 

position of maximum mediolateral flaring along the longitudinal axis.  Midribs are absent 

from the first leaves and present in later-initiated leaves.  The midrib increases in length 

as leaf size increases.  Folding of the leaf at the midrib near the base is apparent in some 

upper leaves. 

Cell shape and cell files are less regular in upper leaves than in basal leaves.  

Cells in the basal regions of upper leaves are considerably larger than those of leaves 

produced early in shoot development.  The margins of basal and upper leaves are entire 

and serrulate, respectively. 

The general trend in differences in the sizes of leaves on a single shoot is 

illustrated by a plot of leaf length and leaf width against leaf number (Fig. 4).  Each 
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Fig. 3 Heteroblastic series of leaves from an individual shoot 

The first eight leaves of a 13-leaved gametophore from a 35 d old culture of 

Physcomitrella are shown in order from left to right, top to bottom.  The L9/P5 leaf 

(bottom right) has not expanded fully.  The scale bar represents 0.5 mm. 
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Fig. 4 Length and width of leaves from a single gametophore 

The length (blue) and width (pink) of each leaf from an 11-leaved gametophore from a 34 

d old culture of pabB4 are plotted against leaf number.  (For visibility, the data point for 

the length of L11 has been shifted slightly to the right.) 
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mature, fully expanded leaf on a stem is larger than the leaf immediately below.  The 

largest leaf on this stem is L7/P5.  The P1 through P4 leaves have not finished growing 

and, thus, each leaf numbered L8 (P4) through L11 (P1) is smaller than the previously 

initiated leaf. 

3.3 Growth of Physcomitrella leaves 

P1 leaves may vary dramatically in form depending on whether they are 

positioned in the basal region of the stem or higher on the shoot.  A P1 leaf that is the first  

leaf to be initiated on a shoot is approximately rectangular and contains few cells.  Leaves 

initiated later in development are triangular in shape at the P1 stage, with the length and 

width at the base typically being approximately 100 μm (Fig. 5).  The leaf index of upper 

P1 leaves is, therefore, approximately 1.00. 

P2 leaves are ovate and may be considered to consist of two regions, an apical 

portion in which the cells are expanded and a basal portion in which the cells are small 

and are presumed to be dividing.  As the leaf grows, the region of expanded cells near the 

apex becomes increasingly large compared with the basal region composed of small cells. 

Leaf size increases dramatically during the P1 through P6 stages (Fig. 6a,b,c).  

Growth in length may be approximated by the sigmoidal logistic function type 1 

(SLogistic1) (Seber & Wild, 1989) in OriginPro 8.5.  In this equation 

ŷ = a/(1+e
(-k(x-x

c
))
)       (1) 

ŷ and x represent expected leaf length and plastochron number, respectively and a, xc and 

k represent the upper asymptote, the value of x at a/2 and a constant, respectively.  The 
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Fig. 5 Leaves at the P1 through P4 stages 

Typical upper leaves at the P1 through P4 stages from an individual shoot are shown to scale (a).  The scale bar represents 0.5 mm.  

The same leaves are shown, not to scale, in (b). 
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Fig. 6 Length, width, area and leaf index of growing Physcomitrella leaves 

The length (a), width (b), area (c) and leaf index (d) P1 through P6 leaves are plotted 

against plastochron number. 
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Parameter estimates are: a = 1.92337 ± 0.1216, xc = 3.92707 ± 0.16121 and k = 1.18471 

± 0.15449.  The same type of equation describes the increase in leaf width, where ŷ and x 

represent expected width and plastochron number, respectively, a = 0.6570 ± 0.03205, xc 

= 3.2302 ± 0.13837 and k = 1.2762 ± 0.18846 as well as the increase in area where ŷ and 

x denote expected area and plastochron number, repectively, a = 0.79473 ± 0.07074, xc = 

4.21578 ± 0.18515 and k = 1.6336 ± 0.36493. 

The leaf index changes as well (Fig. 6d).  This change may be approximated by a 

power equation 

ŷ = bx
k
         (2) 

where ŷ and x represent expected leaf index and plastochron number, respectively, the 

constant, b = 1.04225 ± 0.05868 and the exponent, k = 0.55708 ± 0.03783. 

3.4 The heteroblastic leaf series 

 The first leaves produced on a leafy shoot are picket-shaped, lack a midrib and 

exhibit smooth margins (Fig. 7).  These leaves are composed of rectangular cells 

arranged in regular files.  Cell size generally increases from the leaf apex to the leaf base.  

In contrast, the upper mature leaves on the shoot are lanceolate in shape, have a midrib 

and exhibit serrulate margins, particularly at the distal end.  The cells at the leaf base are 

rectangular, elongated and arranged in regular files.  The marginal and, in some cases, the 

sub-marginal files of cells are elongated and narrow.  The transverse walls of the 

marginal cells may be oblique and the distal ends of the cells may turn outward, forming 

teeth. 
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Fig. 7 Comparison of basal and upper leaf morphologies 

The morphologies of L1, a typical mature basal leaf (a), and L18, a typical mature upper 

leaf (b), from a 35-leaved pabB4 gametophore of a 64 d old culture are shown.  Note that 

marginal cells may exhibit oblique transverse walls (black arrow), bulging teeth (red 

arrow) and notched teeth (blue arrow). 
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3.4.1 Size of mature leaves 

Increases in leaf length and width (Fig. 8a,b, respectively) with increasing leaf 

number may be approximated by power relationships (Equations 3, 4 respectively, in 

which ŷ represents expected length and width, respectively, and x represents leaf 

number). 

ŷ = 0.5768x
0.4906

      (3) 

ŷ = 0.16x
0.5878

       (4) 

The mathematical relationship between leaf area and leaf number is linear (Fig. 

8c) and indicates that each leaf is approximately 0.08 mm
2
 larger than the previous leaf 

(Equation 5, in which ŷ and x represent expected leaf area and leaf number, respectively). 

ŷ = 0.0781x       (5) 

Leaf index decreases slightly (Fig. 8d) with increasing leaf number.  The 

predictive ability of the power equation (9, where ŷ represents expected leaf length and x 

represents leaf number), that describes this decrease is low, however. 

ŷ = 3.6278x
-0.1 

      (6) 

 Midrib length is highly variable for each upper leaf in the heteroblastic series but, 

measured as a percentage of leaf length, tends to increase with increasing leaf number 

(Fig. 9).  A linear equation may be used to predict this increase (9, where ŷ and x 

represent midrib length and leaf number, respectively). 

ŷ = 3.6971 + 37.895      (7) 

The numbers of cells in a longitudinal file along the approximate midline of the 

leaf (Fig. 10a) and in a transverse file at the widest part of the leaf (Fig. 10b) increase 

with leaf number and these increases may be approximated by power relationships (8, 9,  
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Fig. 8 Length, width, area and leaf index of mature Physcomitrella leaves 

The length (a), width (b), area (c) and leaf index (d) of mature leaves are plotted against 

leaf number. 
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Fig. 9 Midrib length in mature Physcomitrella leaves 

The length of the midrib, calculated as a percentage of leaf length, is plotted against leaf 

number. 
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Fig. 10 Numbers of cells in mature Physcomitrella leaves 

The number of cells in a file near the longitudinal midline of the leaf (a) and in a file at 

the widest part of the leaf in the transverse direction (b) as well as the total number of 

laminal cells (c) in mature Physcomitrella leaves are plotted against leaf number. 
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respectively, where ŷ represents the expected number of cells and x represents leaf 

number). 

ŷ = 8.277x
0.4652

      (8) 

ŷ = 6.2576x
0.6006

      (9) 

The increase in the total number of laminal cells with increasing leaf number (Fig. 

10c), like the increase in leaf area, is approximately linear.  The equation for the slope 

(10, where ŷ and x represent the expected number of laminal cells and leaf number, 

respectively) indicates that, on average, each mature leaf comprises forty-three more cells 

than the previously initiated leaf. 

ŷ = 42.841x       (10) 

3.4.2 Sizes of cells in mature leaves 

The mean length of laminal cells along the longitudinal midline of the leaf 

increases with increasing leaf number (Fig. 11a) and the mean width of laminal cells 

across the widest part of the leaf does not change significantly (Fig. 11b).  The mean area 

of laminal cells increases with increasing leaf number (Fig. 11c). 

One readily apparent feature of mature Physcomitrella leaves is that the surface 

area of cells differs substantially in different regions of the leaf.  Typically, cells increase 

in size along the longitudinal axis from the apex to the base of the leaf.  Whether the 

pattern of cell size differences is consistent for leaves at different insertion points is 

unknown.  To quantify these differences, the mean surface area of approximately 10 cells 

from each of the apical region (the leaf apical cell and the nine closest cells), central 

region (five cells on each side of the midrib at the widest part of the leaf, avoiding the 

margins and  
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Fig. 11 Mean length, width and area of Physcomitrella leaf laminal cells 

The mean length of laminal cells near the longitudinal midline (a), mean width of laminal 

cells across the widest part of the leaf (b) and mean surface area of laminal cells in pabB4 

leaves are plotted against leaf number. 
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Table 1 Mean surface area of cells in different regions of the mature leaf 

The mean ± 1.96 x standard error of the surface area of approximately 10 cells at each of the apex, the centre and the base of mature 

leaves is shown.  The means for L1, L5, L10 and L14 through L17 leaves were compared using ANOVA and the significance of 

differences in the means is reported. 
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the cells adjacent to the midrib) and basal region (five cells on each side of the midrib 

and as close as possible to the leaf base) of twenty-three L1 leaves, twenty-nine L5 leaves, 

five L10 leaves and five L14 through L17 leaves was calculated.  ANOVA revealed that the 

mean cell surface area differed significantly in the three regions of the leaf (p < 0.001) 

and that the means for the different leaf numbers differed significantly for cells at the 

apex and base but not at the centre of the leaf (Table 1). 

3.5 Leaf shape 

3.5.1 Allometry and leaf index 

Allometry is the study of predictable changes in proportion during growth that can 

be expressed by power equations, y = bx
k
 where b and k are referred to as the allometric 

coefficient and the allometric exponent, respectively. 

Although the length and width of Physcomitrella leaves at the same plastochron 

are highly variable, in a plot of length against width for P1 through P6 leaves, the best-fit 

curve can be described by a power relationship (11, where ŷ is the predicted leaf length 

and x is the observed leaf width) and most of the variation in length is explained by the 

variation in width (Fig. 12a). 

   ŷ = 2.9544x
1.3156

      (11) 

Since fully-grown leaves (P6 and onward) increase in size from the stem base 

upward, leaf length was plotted against leaf width (Fig. 12b) and a power equation (12) 

described the relationship between expected leaf length (ŷ) and observed leaf width (x). 

ŷ = 2.5772x
0.7999

      (12) 
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Fig. 12 Allometric relationship of length to width in Physcomitrella leaves 

Maximum leaf length is plotted against maximum leaf width for growing leaves at the P1 

through P6 stages (a) and for mature leaves in the heteroblastic series, P6 and onward (b). 
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Fig. 13 Allometric relationship between numbers of leaf cells in the longitudinal and 

transverse directions 

The number of laminal cells along the longitudinal midline of the leaf is plotted against 

the number of cells in a transverse file across the widest portion of the leaf.  The dashed 

line represents equal numbers of cells in both directions. 
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The allometric relationship between the number of cells in a longitudinal file near 

the midline and across the widest part of the mature leaf in the transverse direction (Fig. 

13) can be represented by the following equation (13, where ŷ represents the expected 

number of cells in the longitudinal direction and x represents the observed number of 

cells in the transverse direction). 

ŷ = 2.2059x
0.7381

       (13) 

A dashed line, representing equal numbers of leaf cells in the longitudinal and 

transverse directions, intersects with the trendline representing the numbers of leaf cells 

at approximately 20 cells.  Using the allometric equation (13) to predict the numbers of 

cells in the longitudinal direction indicates that leaves with 19 to 22 cells in the transverse 

direction can be expected to have an equal number of cells in the longitudinal direction.  

Leaves with fewer than 19 cells in the transverse direction can be expected to have more 

cells in the longitudinal direction than the transverse direction and leaves having more 

than 22 cells in the transverse direction are expected to have fewer cells in the 

longitudinal direction than in the transverse direction. 

Leaf index, the ratio of leaf length to leaf width, is a commonly used measure of 

change in plant leaf shape. For mature Physcomitrella leaves, the mean leaf index is 3.18 

± 0.06.  However, because leaf length and leaf width in Physcomitrella do not increase at 

the same rate either in growing leaves or in leaves of the heteroblastic series, leaf index is 

expected to change as leaves grow and also to differ among leaves at different insertion 

points.  A plot of leaf index against plastochron number reveals that there is indeed a 

power relationship (14), 

   ŷ = 1.0443x
0.5237

      (14) 
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Fig. 14 Consensus outlines of leaves with and without a midrib 

Consensus outlines generated using tpsPLS (Rohlf, 2006) are shown for groups of leaves 

without a midrib (top) and with a midrib (bottom) from different insertion points. 
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in which ŷ and x represent the predicted leaf index and the plastochron number, 

respectively, that accounts for much of the variation in leaf index during leaf growth.  In 

mature leaves, leaf index decreases with increasing leaf number. 

3.5.2 Geometric morphometric analysis of leaf shape 

Further analysis of differences in leaf shape among the heteroblastic leaves of 

Physcomitrella was undertaken by comparing consensus leaf shape outlines generated by 

morphometric software (Fig. 14).  L1 and L2 leaves without midribs flare slightly, relative 

to the leaf width at the base, approximately half-way between the base and the apex.  The 

difference in width between the base and the widest part of the leaf increases in L3 and L4  

and increases still further in L5 and L6.  Leaves with midribs are narrow at the base 

compared with leaves without midribs but the leaf outlines are nevertheless highly 

similar.  The tapering is more pronounced in the L5 (Fig. 15) and L6 leaves without 

midribs, which both exhibit a file of narrow cells along the longitudinal midline near the 

leaf base, than in earlier leaves without midribs. 

3.6 Midrib development 

A total of 145 leaves from pabB4 cultures aged 34 d to 37 d were examined for 

the presence or absence of a midrib (Fig. 16).  All L1 leaves and all but two L2 leaves 

lacked a midrib.  Fewer than one quarter of L3 leaves had a midrib and half of L4 leaves 

had a midrib.  Only one each of L5 and L6 leaves, both on the same shoot, lacked a midrib 

and all leaves L7 and up possessed a midrib.  One L2 with a midrib was 1.08 cm long 

(much longer than the mean of 0.78 cm).  Although care was taken to choose shoots with 

elongated stems and to dissect and number the leaves accurately, the basal leaves on this  
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Fig. 15 Leaf with narrow, elongated cells along the midline near the base 

L5 from a 14-leaved gametophore exhibits a short file of narrow, elongated cells along 

the longitudinal midline extending distally from the base. 
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shoot were small and it is possible that the correct L2 was missed and L3 was erroneously 

thought to be L2.  Alternatively, this may be an unusually large L2.  The second L2 leaf 

possessing a midrib was 0.86 cm long and the midrib was short.  L5 and L6 that lacked 

midribs were removed from a shoot with an elongated stem growing on deep agar.  The 

two leaves appeared healthy and normally shaped but were approximately two standard 

deviations smaller than the mean (data not shown).  The L4, L5 and L6 leaves on this 

shoot all exhibited narrow, elongated cells along the midline. 

Some L1 and L2 leaves exhibited elongated cells along the midline extending from 

the leaf base (see Fig. 7a for an example).  Additionally, one narrow, elongated cell or a 

short file of such cells was frequently observed at the distal end of the midrib of upper 

leaves (see Fig. 3, top right, for an example). 

The midrib, where present, was highly variable in length, ranging from 18% (L3/ 

P12) to 94% (L13/ P10 and L16/ P7) of the leaf length. 

3.7 Marginal teeth 

Some Physcomitrella leaves exhibit teeth that are formed by protrusion of the 

apical ends of marginal cells (Fig. 7).  An examination of leaves with and without teeth 

revealed that protruding marginal cells exhibit oblique end walls.  In some cases, the 

bulge at the apical end of the cell was pronounced and the cell tip turned outward forming 

a point and creating a V- or L-shaped notch between the everted tip and the base of the 

adjoining marginal cell. 

A plot of the number of marginal cells with oblique transverse walls at the apical 

ends as a percentage of the total number of marginal cells revealed an increase in 

percentage with increasing leaf number (Fig. 17a).  Similarly, the percentage of marginal  
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Fig. 16 Numbers of leaves without and with a midrib 

The numbers of mature leaves without and with a midrib are plotted against leaf number. 
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Fig. 17 Percentages of marginal cells exhibiting oblique transverse walls and teeth 

The numbers of marginal cells exhibiting oblique transverse walls (a), slightly bulging 

teeth (dark green) and sharply protruding notched teeth (light green) (b), calculated as 

percentages of all marginal cells, are plotted against leaf number. 
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cells exhibiting bulging teeth and notched teeth increased with increasing leaf number 

(Fig. 17b). 

3.8 Leaf morphology in the MM2-G 3-1 strain of Physcomitrella 

The cultures of the MM2-G 3-1 strain and the pabB4 control used in this study 

ranged in age from 27 d to 36 d and none of the gametophores that were dissected bore 

more than 12 leaves.  Several growth parameters were plotted against leaf number, linear 

curves were fitted to the data and the fit of the datasets for the two strains to the models 

were compared. 

The length of mature leaves from MM2-G 3-1 gametophores was greater than that 

of the control pabB4 leaves (Fig. 18a).  MM2-G 3-1 leaves and the control pabB4 leaves 

were similar in width (Fig. 18b) and the area of MM2-G 3-1 leaves was greater than that 

of pabB4 leaves (Fig. 18c).  Additionally, the leaf index of MM2-G 3-1 leaves was 

greater than that of the control pabB4 leaves (Fig. 18d) and the midrib was longer relative 

to leaf length in MM2-G 3-1 leaves than in the control pabB4 leaves (Fig.19). 

The numbers of cells in the longitudinal or transverse directions at the longest and 

widest parts of the leaves, respectively, and the total number of cells in the leaf lamina 

(Fig. 19a,b,c, respectively) were similar in the MM2-G 3-1 and pabB4 strains.  However, 

the mean surface area of laminal cells in MM2-G 3-1 leaves was greater than that of 

laminal cells in the control pabB4 leaves (Fig. 20d). 

3.9 Leaf morphology in the MKN Triple 33-S strain of Physcomitrella  

When the length and width of leaves from the MKN Triple 33-S strain and the 

pabB4 controls were plotted against leaf number in Excel, power relationships provided 

curves that fit the data well and the curves for the two datasets were similar (Fig. 21a,b). 
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 Comparison of the length, width, area and leaf index of mature leaves from the 

MM2-G 3-1 and pabB4 strains 

The length (a), width (b), area (c) and leaf index (d) of mature leaves from the MM2-G 3-

1 strain (black circles and trendlines) of Physcomitrella are compared with those of 

mature leaves from pabB4 (coloured diamonds and trendlines, respectively) shoots.  The 

best-fit equations, coefficients of determination and sample sizes are shown, using the 

same colour scheme. 
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Fig. 18 Comparison of the length of the midrib in leaves from the MM2-G 3-1 and 

pabB4  strains 

The length of the midrib, measured as a percentage of leaf length, in mature leaves from 

the MM2-G 3-1 strain (black circles and trendline) of Physcomitrella is compared with 

that in equivalent leaves from pabB4 (orange diamonds and trendline) shoots.  The best-

fit equations, coefficient of determinations and sample sizes are shown, using the same 

colour scheme. 
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Fig. 19 Comparison of the numbers of cells and mean surface area of cells in mature 

leaves from the MM2-G 3-1 and pabB4 strains 

The number of laminal cells in a file near the longitudinal midline of the leaf (a), the 

number of cells in a file across the widest part of the leaf in the transverse direction (b), 

the total number of laminal cells (c) and the mean surface area of laminal cells in mature 

MM2-G 3-1 (black circles and trendlines) and pabB4 (coloured diamonds and trendlines) 

leaves are plotted against leaf number.  The best-fit equations, coefficients of 

determination and the sample sizes are given using the same colour scheme. 
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However, the power models in OriginPro8.5 did not provide good fits so the curves were 

not compared.  Linear models fit the data for leaf area well (Fig. 21c) in both strains and, 

therefore, a comparison of the two datasets was made.  This comparison showed no 

difference between the strains.  Plotting leaf index against leaf number revealed that the 

leaf indices for the two strains are similar (Fig. 21d). 

Midrib length, relative to leaf length, (Fig. 22) appeared to be similar in leaves 

from the MKN Triple 33-S and pabB4 strains.  No statistical comparison of the curves 

was made, however. 

The number of laminal cells in the longitudinal and transverse directions (Fig. 

23a,b, respectively) were fit to power relationships in Excel but were not compared in 

OriginPro8.5 because the available power models did not provide good fits to the data.  

Linear models provided good fits for the plots of the total number of laminal cells and 

mean surface area of laminal cells against leaf number (Fig. 23c,d, respectively)  for both 

the MKN Triple 33-S strain and the pabB4 controls, comparisons of the fits of the two 

datasets to the same model were made.  Leaves from MKN Triple 33-S gametophores 

were composed of a greater number of smaller cells than the control pabB4 leaves. 

3.10 Leaf morphology in the 62550 strain of Physcomitrella 

Some leaves from the 62550 strain were shaped approximately like pabB4 leaves 

but were shorter relative to the width (Fig. 24a) and others were rounded to varying 

degrees (Fig. 24b).  The 62550 leaves were reduced in length and similar in width 

compared to pabB4 leaves (Fig 25a,b, respectively).  The area of 62550 leaves was 

highly variable, rendering comparison with pabB4 leaves difficult.  Leaves from 62550 
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Fig. 20 Comparison of the length, width, area and leaf index of mature leaves from 

the MKN Triple 33-S and pabB4 strains 

The length (a), width (b), area (c) and leaf index (d) of mature leaves from the MKN 

Triple 33-S (black circles and trendlines) and pabB4 (coloured diamonds and trendlines, 

respectively) strains are compared.  The best-fit equations, coefficients of determination 

and sample sizes are shown, using the same colour scheme. 
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Fig. 21 Comparison of the length of the midrib in leaves from the MKN Triple 33-S 

and pabB4 strains 

The length of the midrib, measured as a percentage of leaf length, in mature leaves from 

the MKN Triple 33-S strain (black circles and trendline) of Physcomitrella is compared 

with that in equivalent leaves from pabB4 (orange diamonds and trendline) shoots.  The 

best-fit equations, coefficient of determinations and sample sizes are shown, using the 

same colour scheme. 
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Fig. 22 Comparison of the numbers of cells and mean surface area of cells in mature 

leaves from the MKN Triple 33-S and pabB4 strains 

The number of laminal cells in a file near the longitudinal midline of the leaf (a), the 

number of cells in a file across the widest part of the leaf in the transverse direction (b), 

the total number of laminal cells (c) and the mean surface area of laminal cells in mature 

MKN Triple 33-S (black circles and trendlines) and pabB4 (coloured diamonds and 

trendlines) leaves are plotted against leaf number.  The best-fit equations, coefficients of 

determination and the sample sizes are given using the same colour scheme. 
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Fig. 23 Leaves from the 62550 strain of Physcomitrella 

Differently shaped mature L10 (a) and L2 (b) leaves from gametophores of the 62550 

strain are shown.  The scale bars represent 0.5 mm and 0.2 mm respectively. 
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Fig. 24 Comparison of the length, width and area of leaves from the 62550 and 

pabB4 strains 

The length (a), width (b) and area (c) of mature leaves from the 62550 strain (black 

circles and trendlines) of Physcomitrella are compared with those of equivalent leaves 

from pabB4 (coloured diamonds and trendlines, respectively) shoots.  The best-fit 

equations, coefficients of determination and sample sizes for the 62550 data set are 

shown. 
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Fig. 25 Comparison ofthe numbers of cells and mean surfacearea of cells in mature 

leaves from the 62550 and pabB4 strains 

The numbers of laminal cells in the longitudinal (a) and transverse (b) directions, the total 

number of laminal cells (c) and the mean surface area of laminal cells (d) in mature 

leaves from the 62550 strain (black circles and trendlines) of Physcomitrella are 

compared with those in equivalent leaves from the pabB4 strain (coloured diamonds and 

trendlines, respectively).  The best-fit equations, coefficients of determination and sample 

sizes are shown, using the same colour scheme. 
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surface area of laminal cells was reduced in 62550 leaves compared to that of cells in 

pabB4 leaves (Fig. 26d). 

3.11 Leaf morphology in the 55284 strain of Physcomitrella 

The leaves of the 55284 strain were noticeably long and were composed of 

noticeably large cells (Fig. 27).  Comparison of the fit of linear models for several 

parameters of mature leaves from the 55284 strain (Fig. 28a,b,c,d respectively) and a set 

of mature pabB4 leaves that were matched for leaf number and as closely as possible for 

plastochron number revealed that the length of 55284 leaves was greater than that of the 

pabB4 leaves and the width was similar in the two strains.  The area of leaves from the 

55284 strain was greater than that of pabB4 leaves.  Additionally, the leaf index of leaves 

from the 55284 strains was greater than that of pabB4 leaves. 

There were fewer cells in the longitudinal and transverse directions and fewer 

laminal cells in total in leaves from 55284 gametophores than in pabB4 leaves (Fig. 

29a,b,c, respectively).  The mean length, width and area of laminal cells (Fig. 30a,b,c 

respectively) were greater in leaves from the 55284 strain than in pabB4 leaves. 

3.12 Effects of phytohormones 

3.12.1 Effects of ethanol, red light and auxin 

In cultures treated with β-NAA, both the ethanol solvent and the red light 

conditions were expected to affect leaf morphology and, consequently, control cultures 

exposed to ethanol and red light were examined.  Indeed, some of the lower leaves on 

shoots in control cultures and cultures to which β-NAA was added exhibited various 

deformities including a forked leaf tip (Fig. 31), a filament extending from the leaf apex 

(Fig. 32) and a cup-shaped protuberance emerging from the plane of the lamina (Fig. 33) 
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Fig. 26 L1 and L4 from the mutant 55284 strain 

The leaves of the 55284 mutant strain of Physcomitrella are long and appear to be 

composed of cells that are larger and fewer in number than in pabB4.  The scale bar 

represents 1.0 mm. 
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Fig. 27 Comparison of the length, width, area and leaf index of mature leaves from 

the 55284 and pabB4 strains 

The length (a), width (b), area (c) and leaf index (d) of mature leaves from the 55284 

strain (black circles and trendlines) of Physcomitrella are compared with those of 

equivalent leaves from pabB4 (coloured diamonds and trendlines, respectively) shoots.  

The best-fit equations, coefficients of determination and sample sizes are shown, using 

the same colour scheme. 
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 Fig. 28 Comparison of the numbers of cells in mature leaves from the 55284 and 

pabB4 strains 

The numbers of cells in the longitudinal (a) and transverse (b) directions and the total 

number of laminal cells (c) in mature leaves from the 55284 strain (black circles and 

trendlines) of Physcomitrella are compared with those in equivalent leaves from the 

pabB4 strain (coloured diamonds and trendlines, respectively).  The best-fit equations, 

coefficients of determination and sample sizes are shown, using the same colour scheme. 
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Fig. 29 Comparison of cell sizes in mature leaves from the 55284 and pabB4 strains 

The mean length (a), width (b) and surface area of laminal cells (c) in mature leaves from 

the 55284 strain (black circles and trendlines) of Physcomitrella are compared with those 

in equivalent leaves from pabB4 shoots (coloured diamonds and trendlines, respectively).  

The best-fit equations, coefficients of determination and sample sizes are shown, using 

the same colour scheme. 
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Fig. 30 Leaf with forked tip 

An L2 leaf from a gametophore of a 38 d old culture to which 1 μM β-NAA had been 

applied 5 d earlier is shown. 
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Fig. 31 Leaf, exposed to ethanol and red light, exhibiting a filament 

This aberrant basal leaf (L1 of a 13-leaved shoot) is from a 35 d old Physcomitrella 

culture grown on an agar slant in a 30 ml tube to which 400 µl of ethanol solution was 

added at 28 d and which was placed under a red resin filter.  A filament extends from the 

apical cell of the leaf. 
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Fig. 32 Leaf with protuberance 

An L6 leaf from a gametophore exposed to 1μM β-NAA for 3 d.  Asymmetrical growth 

has resulted in the eruption of a small, cup-shaped protuberance from the plane of the leaf 

lamina.  Cells forming the protuberance and surrounding cells are irregular in shape and 

varied in size.  
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However, the majority of the leaves in the control cultures were similar in size and form 

to untreated pabB4 leaves. 

3.12.2 General effects of β-NAA 

Varying concentrations of β-NAA (0.5 µM, 1.0 µM, 2.5 µM and 5.0 µM) and 

different exposure times (2 d, 3 d, 4 d, 5 d, 7 d, 8 d) were tested in an attempt to produce 

effects that were both pronounced and measurable.  However, none of the combinations 

used was entirely successful.  Young, treated leaves were delicate and tended to twist and 

curl such that accurate measurements were not obtained for most of them.  Consequently, 

case studies and analyses based on a limited number of measurements are reported here.  

Due to the difficulty of determining with confidence the plastochron numbers of young, 

growing leaves treated with β-NAA, the data were interpreted with caution. 

Young gametophores exposed to 5.0 µM β-NAA for 7 d exhibited elongated 

leaves (Fig. 34a).  The leaves lacked a midrib and frequently were blanched and exhibited 

slightly irregular margins due to bulging of the marginal cells.  Brown pigmentation was 

apparent in the stems and some of the leaf cells.  Some young gametophores exhibited 

green leaves with smooth margins at the stem base and blanched, elongated leaves at the 

apex (Fig. 34b).  These shoots may have been initiated early enough that the basal leaves 

grew to maturity without any influence from the hormone. 

Older gametophores bore mature leaves that appeared normal and young leaves 

that were elongated.  Profiles of the lengths and widths of leaves from two individual 

shoots, one of which was exposed to exogenous auxin, reveal this pattern (Fig. 35).  The 

auxin-treated shoot had two more leaves than the untreated shoot and, therefore, the   
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Fig. 33 Effects of auxin on young Physcomitrella gametophores 

Two shoots from a 35 d old culture that was exposed to β-NAA (5 µM) for 7 d.  The first 

shoot (a) has fewer leaves, all of which may have grown under the influence of 

exogenous auxin.  The second shoot (b) bears more leaves and, since the basal leaves 

appear unaffected, they may have been mature before β-NAA was applied.  The scale bar 

represents 0.5 mm. 
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L13/P1 through L10 /P4 leaves from the treated shoot would be expected to be longer and 

wider at maturity than the L11/P1 through L8 /P4 leaves from the untreated shoot.  Since 

untreated P1and P2 leaves are similar in size regardless of leaf number, the enhanced size 

of treated leaves can be attributed to β-NAA.  The heteroblastic difference between P3 

and P4 leaves with higher and lower leaf numbers would not be expected to be fully 

manifest during the P3 and P4 stages so some of the size difference can be attributed to the 

presence of β-NAA. 

3.12.3 Effects of β-NAA on mature leaves 

Leaf length, width and area of mature leaves exposed to β-NAA appeared to be 

unaffected (Fig. 36a,b,c, respectively) compared with mature leaves from the large pabB4 

dataset.  Additionally, the numbers of cells in the leaf lamina (Fig. 37a,b,c) and the mean 

area of the laminal cells were similar to those of untreated leaves (Fig. 37d). 

3.12.4 Effects of β-NAA on growing leaves 

P1 through P4 leaves in cultures exposed to β-NAA exhibited elongated leaves 

composed of elongated cells.  This leaf morphology was not apparent in any of the 

control cultures and, therefore, the leaf elongation and leaf cell elongation were 

considered to be responses to β-NAA. 

Growing leaves from shoots exposed to β-NAA were longer, similar in width and 

greater in area than equivalent untreated leaves (Fig. 38a,b,c, respectively).  The number 

of cells in the leaf lamina increased greatly through the P1 through P4 stages in the auxin-

treated leaves (Fig. 38d).  Plotting the length of growing leaves against leaf width 

suggests that the length of treated leaves was greater in relation to width than that of 

untreated leaves (Fig. 39). 
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Fig. 34 Comparison of the length and width of leaves from individual untreated and 

auxin-treated shoots 

The length and width of each leaf from typical gametophores, an 11-leaved shoot from a 

34 d old pabB4 culture (blue and pink diamonds, respectively) and a 13-leaved shoot 

from a 36 d old pabB4 culture that was exposed to 500 nM β-NAA for 7 d (black circles 

and open circles, respectively) are shown.  (For visibility, the data point for the length of 

the untreated L11 has been shifted slightly to the right.  A measurement of the width of 

L13 from the auxin-treated gametophore could not be obtained.) 
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Fig. 35 Comparison of the length, width and area of mature untreated and auxin-

treated leaves 

The length (a), width (b) and area (c), plotted against leaf number, of mature leaves from 

untreated cultures (coloured diamonds and trendlines, respectively) and cultures treated 

with β-NAA (black circles and trendlines) are compared.  The best-fit equations, 

coefficients of determination and sample sizes are shown, using the same colour scheme. 
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Fig. 36 Comparions of the numbers of laminal cells and leaf cell size in mature 

untreated and auxin-treated leaves 

The numbers of cells in the longitudinal (a) and transverse (b) directions at the maximum 

length and width of the leaf respectively as well as the total number of laminal cells (c) 

and mean laminal cell surface area (d), plotted against leaf number, of mature leaves from 

untreated cultures (coloured diamonds and trendlines, respectively) and cultures treated 

with β-NAA (black circles and trendlines) are compared.  The best-fit equations, 

coefficients of determination and sample sizes are shown, using the same colour scheme. 
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Fig. 37 Comparison of the length, width and area of growing leaves from untreated 

and auxin-treated cultures and numbers of cells in growing leaves from auxin-

treated cultures 

The length (a), width (b) and area (c) of leaves at the P1 through P4 stages from untreated 

cultures (coloured diamonds and trendlines, respectively) and auxin-treated cultures 

(black circles and trendlines) are compared.  The numbers of cells in growing leaves 

exposed to auxin are shown (d).  The best-fit equations, coefficients of determination and 

sample sizes are shown, using the same colour scheme. 
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Fig. 38 Allometric relationships between length and width of growing leaves from 

untreated and auxin-treated gametophores 

The changes in the proportions of length and width during the P1 through P4 stages of 

growth of leaves from control shoots (purple diamonds and trendline) and auxin-treated 

shoots (black circles and trendline) are compared.  The best-fit equations, coefficients of 

determination and sample sizes are shown, using the same colour scheme. 
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The cells in young auxin-fed leaves appeared longer and narrower than leaf cells 

in mature, untreated leaves.  The mean cell length in auxin-treated leaves was 98 µm, a 

figure that is near the maximum of the range for length of untreated leaf cells and far 

above the mean of 73 µm (Fig. 40a).  In sharp contrast, the mean width of treated leaf 

cells was 18 µm, below the range for width of untreated leaf cells and well below the 

mean of 25 µm (Fig. 40b).  Interestingly, the mean cell area was similar in treated, young 

leaves (1760 µm
2
) and untreated, mature leaves (1709 µm

2
) (Fig. 40c). 

3.12.5 Resemblance of auxin-treated, immature leaves to untreated, mature basal 

leaves 

Some immature leaves that had been exposed to auxin were similar to untreated, 

mature basal leaves.  One such immature leaf (P2/L10) from a 36 d old culture that had 

been treated with 2.5 µM β-NAA for 3 d resembled untreated basal leaves in that it was  

rectangular except at the apex, consisted of regular files of rectangular cells, exhibited 

fairly smooth margins and lacked a midrib (Fig. 41).  Several size parameters were 

compared to the corresponding mean values for mature L2 leaves and, to complete the 

comparison, to mature L10 and immature P2 leaves from untreated cultures (Table 2). 

The auxin-treated leaf was similar in length to the average untreated L2 leaf and 

reduced in width and area.  The enhanced length of the auxin-fed leaf relative to its width 

is reflected in the leaf index which is approximately 37% greater than that of the 

untreated L2 leaves.  The numbers of cells in both the longitudinal and transverse  

directions were similar in the auxin-fed leaf and untreated L2 leaves.  However, the total 

number of cells was greater in the auxin-fed leaf than in untreated L2 leaves.  The 
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Fig. 39 Comparison of the mean length, width and surface area cells in untreated 

and auxin-treated leaves 

The mean length (a), width (b) and area (c) of leaf cells from untreated cultures of 

Physcomitrella are shown.  Black, dashed lines indicate the corresponding means for 119 

cells from 5 leaves, each from a different shoot that was exposed to 5 µM β-NAA. 
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Fig. 40 Growing leaf exposed to auxin 

A P2/L10 leaf from an 11-leaved shoot from a 36 d old culture that was exposed to 2.5 μm 

β-NAA for 3 d is shown.  The scale bar represents 0.2 mm. 
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Table 2 Comparison of one P2/L10 leaf from an auxin-fed shoot with leaves from untreated pabB4 

Leaf size, number of laminal cells and size of laminal cells from one P2/L10 leaf from a pabB4 shoot exposed to 2.5 μM β-NAA for 3 d 

is compared with untreated, mature L2 and L10 leaves as well as growing P2 leaves.  Means ± 1.96 x standard error are shown. 

 

 Length 

(mm) 

Width 

(mm) 

Area 

(mm
2
) 

Leaf 

Index 

# of Cells 

(Longitudinal) 

# of Cells 

(Transverse) 

# of 

Cells 

(Total) 

Mean 

Cell 

Length 

(μm) 

Mean 

Cell 

Width 

(μm) 

Mean 

Cell 

Area 

(μm
2
) 

P2/L10 

 

(pabB4 + 

β-NAA) 

0.78 0.16 0.094 4.86 12 9 110 65 18 851 

L2 

(pabB4) 

0.79 ± 

0.06 

0.23 ± 

0.02 

0.137 ± 

0.021 

3.54± 

0.24 

11 ± 1 9 ± 1 80 ± 8 75 ± 5 25 ± 1 1665 ± 

113 

L10  

(pabB4) 

2.00 ± 

0.12 

0.68 ± 

0.05 

0.885 ± 

0.119 

2.92 

± 0.10 

26 ± 1 26± 2 462 ± 

45 

80 ± 4 27 ± 1 1938 ± 

164 

P2  

(pabB4) 

0.18 ± 

0.04 

0.10 ± 

0.02 

0.023 ± 

0.012 

1.60 ± 

 0.17 
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individual cells were shorter and narrower in the auxin-treated leaf and the mean cell area 

was approximately half that of untreated L2 leaves. 

The length, width and area of the β-NAA-treated P2/L10 leaf were 39%, 24% and 

11% of the corresponding means for untreated L10 leaves.  The number of cells in the 

auxin-treated leaf was approximately one-quarter that of untreated L10 leaves with the 

numbers of cells in both the longitudinal and transverse directions being reduced.  The 

individual cells that comprised the treated leaf were shorter and narrower than the 

average for untreated leaves and the mean area of the cells was less than half that of 

untreated L10 leaves. 

In sharp contrast, the length, width and area of the auxin-treated P2/L10 leaf were 

433%, 160% and 409% of those of untreated P2 leaves. The leaf index of the auxin-

treated leaf was higher than the mean leaf indices for untreated L2, L10 and P2 leaves, 

reflecting the elongated shape of the treated leaf. 

Examination of an auxin-fed L12/P4-like (probably P2) leaf (Fig. 42) revealed that 

there were 21 cells in the longitudinal direction, 12 cells in the transverse direction and a 

total of 164 cells.  According to the equations fitted to the curves of numbers of cells 

plotted against leaf number, a mature, untreated L12 leaf can be expected to contain 26 

cells in the longitudinal direction, 28 cells in the transverse direction and a total of 514 

cells (Equations 10, 11, 12, respectively).  This leaf was removed from a culture that was 

exposed to 0.5 µM β-NAA for 8 d. 

3.12.6 Dose-dependent effects of auxin 

The effects of β-NAA on growing leaves were dose-dependent (Table 3).  Some 

P1 through P6 leaves that had been treated with 0.5 µM β-NAA for 7 d or 8 d resembled  
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Fig. 41 A P2 leaf from a 13-leaved gametophore exposed to auxin 

The form of this L12/P2 leaf from an auxin-treated culture appears long and narrow with a 

restricted base, unlike untreated P2 leaves which are ovate. 
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untreated pabB4 leaves while other leaves were elongated compared with untreated 

leaves.  A few leaves were spear-shaped with a sharp narrowing near the leaf base (Fig. 

42) or narrowly lanceolate.  Cell expansion appeared incomplete for some cells and 

complete for others.  All but the smallest leaves appeared to exhibit a midrib. 

The effects of 1.0 μM β-NAA or 2.5 μM β-NAA varied depending on exposure 

time.  After 2-3 d of exposure, some of the smallest leaves exhibited the normal form but 

others were somewhat elongated.  Cell expansion was complete for some cells and 

incomplete for others.  After 5 d exposure, most growing leaves were elongated and 

consisted of cells that were mostly elongated.  Chloroplasts filled less of the cell volume 

in leaves exposed for 5 d than in leaves exposed for 2-3 d.  After 5 d, some of the 

uppermost leaves lacked a midrib. 

Growing leaves exposed to 5.0 μM β-NAA for 3 d or 7d were dramatically 

affected.  These leaves were rectangular in shape and were composed of elongated, 

narrow cells arranged in regular files.  Chloroplasts were few and scattered and the 

midrib was absent in many leaves. 

3.12.7 Effects of KOH 

 In most cases, BAP was dissolved in a small volume of distilled water.  However, 

for the highest concentration of BAP, KOH was used as a solvent. Some of the lower 

leaves on gametophores from control cultures that were exposed to KOH were aberrant in 

form.  However, upper leaves appeared normal. 
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Table 3 Dose-dependent effects of β-NAA on growing leaves 

Leaf Feature 0.5 μM β-NAA 

(7 d, 8 d) 

1.0 μM β-NAA 

(2 d, 3 d, 5 d) 

2.5 μM β-NAA 

(2 d, 3 d, 4 d, 

5 d, 7 d) 

5.0 μM β-NAA 

(3 d, 7 d) 

Leaf Form Somewhat 

elongated; 

may be spear-

shaped, 

smallest leaves 

may be fairly 

normal 

Smallest leaves 

similar to 

untreated but 

sometimes 

elongated; 

elongated after   

5 d  

Most leaves 

elongated; P1 

and other 

leaves 

elongated after 

5 d or 7 d 

Elongated, 

rectangular 

Cell Expansion Expanded cells 

and small cells 

present 

Expanded cells 

and small cells 

present after 2 

d or 3 d; most 

cells expanded 

after   5 d 

Expanded cells 

and small cells 

present after 3 

d; most cells 

expanded after   

4 d; all cells 

expanded after   

5 d 

All cells 

expanded 

Cell Shape Square, 

rectangular 

Square, 

rectangular 

Square after  

3 d; 

rectangular 

after 4 d to 7 d 

Elongated, 

narrow 

Cell 

Arrangement 

Mostly regular 

files 

Mostly regular 

files 

Not all regular 

files; mostly 

regular files 

after 5 d 

Regular files 

Chloroplasts Abundant in 

distal portion 

of leaf 

Abundant; less 

abundant after    

5 d 

Abundant in 

distal portion; 

less abundant 

after 5 d 

Scattered, 

small 

Midrib Present Present  after  

2 d or 3 d; 

may be absent 

after 5 d 

May be 

present; 

absent after 5 

d 

Absent in 

many leaves 
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3.12.8 General effects of exogenous cytokinin 

 Typically, stems and leaves, except for the leaf tips, of shoots from cultures 

treated with exogenous BAP were obscured by a fuzzy-appearing growth that was 

revealed, under the compound light microscope, to consist of incipient gametophores. 

After separation from the stem and adventitious gametophores, mature leaves 

from BAP-treated shoots were similar in appearance to untreated, mature leaves except 

that a few of the lower leaves that were exposed to KOH were misshapen.  At the apex of 

some shoots, more than one leaf resembled untreated P1 and P2 leaves.  In these cases, the 

immature leaves were designated P1-like, P2-like, etc. by comparing the outline shapes 

and approximate numbers of expanded cells at the apex with those of untreated leaves.  

As an example, one shoot that was exposed to 11.5 µM BAP for 8 d consisted of eleven 

leaves that appeared fully expanded and, at the apex, six leaves that contained small, 

incompletely expanded cells (Fig. 43).  Of the immature leaves, two were similar to 

untreated P3 and P4 leaves and three resembled untreated P1 and P2 leaves (Fig. 44).  A 

two-leaved gametophore was also present at the shoot apex. 

3.12.9 Effects of BAP on mature leaves 

 Most of the mature leaves from BAP-treated shoots were smaller and contained 

fewer cells than leaves from untreated gametophores.  Plotting the area of mature leaves 

L1 through L11 and the total number of laminal cells comprising those leaves against leaf 

number (Fig. 45a,b, respectively) revealed that the trendlines for leaves exposed to 1 μM 

BAP for 3 d were nearly identical to the trendlines for leaves from the large pabB4 

dataset.  Leaf area and number of laminal cells were reduced in leaves exposed to BAP at 

concentrations of 1 μM for 6 d, 2.5 μM for 3 d or 6 d, 5 μM for 9 d and 11.5 μM for 8 d. 
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Fig. 42 Comparison of lengths of leaves from an untreated shoot and a BAP-treated 

shoot 

The lengths of leaves from a sixteen-leaved shoot from an untreated 36 d old pabB4 

culture (blue diamonds) and a seventeen-leaved shoot from a 36d old pabB4 culture 

(black circles) that was exposed to 11.5 µM BAP for 8 d are compared.  The lengths of 

247 mature, untreated L1 through L12 leaves are represented by the blue trendline. 
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Fig. 43 P1-like and P2-like leaves from the apex of a shoot exposed to BAP 

L15 through L17 from a seventeen-leaved shoot from a 36 d old pabB4 culture that was 

exposed to 11.5 µM BAP for 8 d.  The two small leaves near the bases of the larger 

leaves comprise a small, adventitious gametophore.  The small leaf at the lower left is 

probably also from an incipient gametophore.  The scale bar represents 0.2 mm. 
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Fig. 44 Comparison of the area of and number of cells in mature BAP-treated and 

untreated leaves 

The area of (a) and number of laminal cells in (b) leaves from untreated Physcomitrella 

cultures (purple diamonds) are compared with the the same parameters for leaves from 

cultures treated with BAP, at concentrations of 1µM for 3 d (yellow), 1 µM for 6 d 

(gold), 2.5 µM for 3 d (light orange), 2.5 µM for 5 d (dark orange), 5 µM for 9 d (red) 

and 11.5 µM for 8 d (black). 
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Fig. 45 Comparison of an untreated P3 leaf and a BAP-fed P3-like leaf 

An untreated P3 leaf (L18) from a 36 d old Physcomitrella culture (left) is compared with 

a P3-like leaf (P4/L11) from a 38 d old culture that was exposed to 1 µM BAP for 3 d.  The 

scale bar represents 0.5 mm. 
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Table 4 Comparison of untreated leaves and one P3-like BAP-treated leaf 

The length and width of untreated P3, P4 and L11 leaves as well as the number of laminal 

cells are compared with the same parameters for a single P3-like, BAP-treated L11 leaf 

that was chronologically a P4 leaf.  Means ± 1.96 x standard error are shown. 

 

Parameter 

 

Means for Untreated 

Leaves 

 

BAP-treated 

Leaf 

 

P3 

 

P4 L11 P3-like (P4/L11) 

Length (mm) 

 

0.51 ± 0.08 

 

0.97 ± 0.12 2.06 ± 0.21 1.05 

Width (mm) 

 

0.29  ± 0.05 

 

0.47  ± 0.06 0.71 ± 0.07 0.67 

Number of Cells 

(Longitudinal) 
  

 

24 ± 1 

 

49 

Number of Cells  

(Transverse) 
  

 

27 ± 2 

 

33 

Number of Cells 

(Total) 
 359  ± 54 

 

482  ± 56 
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Fig. 46 Comparison of an untreated P4 leaf and a BAP-treated P4-like leaf 

A P4 leaf (L11) from an untreated, 37 d old Physcomitrella culture (left) is compared with 

a P4-like leaf (P6/L12) from a 36 d old culture that was exposed to 11.5 µM BAP for 8 d 

(right).  The scale bar represents 0.5 mm. 
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Table 5 Comparison of leaf area, numbers of leaf cells and mean leaf cell surface 

area for untreated P4 leaves and BAP-treated P4-like leaves 

Leaves at the P4 stage from untreated gametophores are compared with leaves from BAP-

treated gametophores that are similar in appearance to untreated P4 leaves.  Results of t-

tests of the means are shown.  Means ± 1.96 x standard error are shown. 

 

Parameter Untreated 

Leaves 

BAP-treated 

Leaves 

Significant? 

(p < 0.05) 

Leaf Area 

(mm
2
) 

0.349 ± 0.064  

(N = 19) 

0.486 ± 0.141  

(N = 5) 

No 

Mean Number of Cells  

(Longitudinal) 

21 ± 3 (N = 9) 32 ± 3 (N = 9) Yes 

Mean Number of Cells  

(Transverse) 

23 ± 2 (N = 9) 39 ± 10 (N = 6) Yes 

Mean Number of Cells  

(Total) 

359 ± 54 (N = 9) 1062 ± 350 (N = 4) Yes 

Mean Cell Area  

(µm
2
) 

877 ± 178 (N = 9) 574 ± 253 (N = 4) No 
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3.12.10 Effects of BAP on growing leaves 

Immature leaves were frequently misshapen compared with untreated leaves.  

Many P1-like and P2-like leaves were obtuse or deltoid rather than triangular or ovate.  

The marginal cells were expanded, forming teeth that were variously angled.  The bases 

of P3-like and P4-like leaves were expanded and were composed of small, polygonal cells 

that did not form regular files.  Some immature BAP-treated leaves had teeth that bulged 

or protruded at the distal end in a manner similar to those of untreated leaves.  In other 

treated leaves, the transverse walls of marginal cells were perpendicular to the margin 

and the cells were convex on the marginal side. 

 Comparison of typical P3 leaves from untreated cultures with P3-like leaves from 

BAP-fed cultures revealed a dramatic increase in size in the treated leaf (Fig. 45).  The 

untreated leaf, L18, from a 36 d old culture, was 0.89 mm long and 0.46 mm wide.  

Excluding the midrib, there were approximately 26 cells in the transverse direction at the 

widest point.  A longitudinal cell file along the midrib consisted of approximately 27 

cells of which 12 had expanded considerably.  The distal ends of the marginal cells were 

turned out slightly. The mean cell surface area for 10 cells at the apex was 1180 µm
2
, the 

average for leaves L14 through L17 (see Table 1), suggesting that these cells were fully 

expanded.  In contrast, the mean cell surface area for 10 cells at the widest part of the leaf 

was 732 µm
2
, less than half that of corresponding cells in mature L14 through L17 leaves 

(see Table 1), suggesting that cell expansion was incomplete in this region of the leaf. 

 In contrast, the BAP-treated P3-like leaf (L11 from a 38 d old culture that was 

exposed to 1 µM BAP for 3 d) was 1.05 mm long and 0.67 mm wide (Table 4).  There 

were approximately 49 cells across the widest part of the leaf and 33 cells in a file beside 
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the midrib, of which 4 were expanded.  The marginal cells were turned out slightly at the 

distal end of the leaf and prominently at the widest part of the leaf.  The mean cell surface 

area for 10 cells at the apex was 1777 µm
2
.  At the widest part of the leaf, the mean cell 

surface area for 10 cells was 246 µm
2
. 

 Comparison of an untreated P4 leaf with a BAP-treated leaf that resembled a P4 

leaf, but was probably in the P6 stage, also revealed differences (Fig. 46).  The untreated 

leaf widened from the apex to a point of maximum width that was approximately half-

way from apex to base and then narrowed to the base.  In general, the cells distal to the 

widest part of the leaf were expanded and the leaves on the proximal portion of the leaf 

were small.  The cells were arranged in regular files.  The leaf exhibited bulging teeth and 

one notched tooth.  In contrast, the BAP-treated leaf widened from the apex to a point 

near the base where the leaf was widest.  A portion of the leaf that was more than half the 

leaf length consisted of expanded cells arranged in regular files.  The cells in the basal 

portion of the leaf were much smaller and more numerous than the cells in the untreated 

leaf.  These small cells were irregular in shape and were not arranged in regular files.  

Cells near the midrib were more expanded than cells near the margins in the basal portion 

of the leaf.  One margin appeared scalloped near the base where the cells were small. 

 Comparison of cell numbers in untreated and BAP-treated P4 leaves revealed that 

the numbers of cells in the longitudinal direction and in the transverse direction as well as 

the total number of laminal cells was significantly larger in BAP-treated leaves than in 

untreated leaves (Table 5).  Interestingly, although the mean leaf surface area was greater 

and the mean cell surface area was smaller in BAP-treated leaves than in untreated 

leaves, the difference was not significant. 
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3.12.11 Growth rates in immature leaves exposed to BAP 

 Plots of leaf length, width and area (Fig. 47a,b,c, respectively) suggest that 

growth of BAP-treated leaves, compared with that of untreated leaves, is more rapid 

during the P1 through P4 stages but decelerates during the P5 or P6 stages.  Due to the 

presence of adventitious buds at the apices of BAP-treated shoots, however, the 

plastochron stages of immature leaves were ambiguous and consequently these data were 

interpreted with caution. 

 Leaf length, width and area of P1 through P6 leaves that had been exposed to BAP 

were fitted to the SLogistic1 equation (1).  Parameter estimates for the curve representing 

growth in length were a = 1.55242 ± 0.1638, xc = 3.41813 ±0.32014 and k = 0.96145 ± 

0.23409.  Parameter estimates for the curve representing increase in leaf width were a = 

0.59869 ± 0.05091, xc = 2.0708 ±0.4261 and k = 1.4463 ± 0.95827.  For the curve 

representing leaf area, the parameter estimates were a = 0.53509 ± 0.06123, xc = 3.12976 

±0.42927 and k = 2.54867 ± 2.36541. 

The numbers of cells comprising the lamina of immature leaves, particularly those 

in the P1 through P3 stages, could not be counted accurately in most cases.  The number 

of cells that comprise the lamina of a cytokinin-treated P4-like leaf may be approximately 

triple that of the average untreated P4 leaf (Table 5). 
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Fig. 47 Length, width and area of untreated and BAP-treated P1 through P6 leaves 

The maximum length (a), maximum width (b) and area (c) of young leaves from 

untreated (coloured diamonds) and BAP-treated (black circles) shoots are plotted against 

plastochron number. 
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3.13 Physcomitrella homologues of genes involved in tracheophyte leaf development 

The Physcomitrella genome contains homologues of a large majority of the 

approximately 120 vascular plant leaf developmental genes that were investigated (Table 

6).  Exceptions are YAB family genes (FILAMENTOUS FLOWER (FIL), AtYAB2, 

AtYAB3, CRABS CLAW (CRC), INNER NO OUTER (INO)), AtLITTLE ZIPPER1 (ZPR1) 

and AtZPR3, AtINHIBITOR/INTERACTOR OF CYCLIN-DEPENDENT KINASE1 

(CDK1) (ICK1), AtAUXIN-REGULATED GENE INVOLVED IN ORGAN SIZE (ARGOS) 

and AtARGOS-like (ARL).  Of the 19 genes or groups of genes identified by L.-C. Li and 

colleagues (2007) as acting in the auxin signalling pathway in tracheophyte leaf 

morphogenesis, only the aforementioned ARGOS does not have a homologue in 

Physcomitrella. 

3.13.1 Similarity of homologous protein sequences from Physcomitrella and vascular 

plants 

Comparison of amino acid sequences and known protein structures has revealed 

that 25% identity of pairwise aligned sequences of >80 amino acid residues implies 

significant similarity of three-dimensional protein structures (Sander & Schneider, 1991).  

Furthermore, similarity of function has been shown for proteins that are approximately 

30% identical at the level of primary structure.  The PIROGI protein, which plays a role 

in cell morphogenesis in Arabidopsis, is 30% identical at the amino acid level to its 

human homologue and the two proteins are functionally interchangeable (Basu et al., 

2004). 

 Pairwise identity of aligned vascular plant protein sequences and the best hits 

among their moss homologues varied among functional categories (Fig. 49).  The mean 
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Table 6 Physcomitrella homologues of tracheophyte leaf developmental genes 

Protein sequences encoded by vascular plant genes that function in leaf development are 

grouped by family and categorized by function.  Sequences used as queries for tblastn 

searches of the Physcomitrella genome database are bolded.  The Physcomitrella gene 

names are listed, if available, or the number of hits is indicated.  Identity of the protein 

sequences is given as a range for all sequences or for the number of hits indicated in the 

table.  The total numbers of Physcomitrella ESTs available are listed, and the numbers of 

ESTs from the leafy shoot cDNA library and from the mixed protonema and 

gametophores library, respectively, are shown in parentheses.  Abbreviations used in the 

table but not previously mentioned in the text include:  WUSCHEL-like homeobox 

(WOX); NARROW SHEATH (NS); PENNYWISE (PNY); ABC2 HOMOLOG (ATH); AS2-

like (ASL); LATERAL ORGAN BOUNDARIES (LOB) DOMAIN-CONTAINING 

PROTEIN (LBD); BELLRINGER (BEL); JAGGED LATERAL ORGANS (JLO); LEAFY 

(LFY); HOMEOBOX FROM ARABIDOPSIS THALIANA (HAT); MILDEW RESISTANCE 

LOCUS O (MLO); FRUITFULL (FUL); GLUTAMIC ACID-RICH PROTEIN (GARP); 

HELIX-LOOP HELIX (HLH); basic HLH (bHLH); GLABRA (GL); myeloblastosis (myb), 

SCARECROW (SCR); GIBBERELLIN-INSENSITIVE (GAI), REPRESSOR of ga1-3 

(RGA), SCR (GRAS); ETHYLENE-RESPONSIVE ELEMENT BINDING PROTEIN 

(EREBP); BABYBOOM (BBM); DORNRÖSCHEN (DRN); CUP-SHAPED COTYLEDON 

(CUC); NO APICAL MERISTEM (NAM),  ATAF, CUC (NAC); TEOSINTE 

BRANCHED1, CYCLOIDEA, PROLIFERATING CELL FACTOR (PCF) (TCP); 

JAGGED (JAG); ANGUSTIFOLIA (AN); DE-ETIOLATED (DET); C-TERMINAL 

BINDING PROTEIN (CtBP); ETHYLENE RESPONSIVE ELEMENT BINDING 

PROTEIN (EBP); GROWTH-REGULATING FACTOR (GRF); SPOROCYTELESS (SPL); 

HISTONE DEACETYLASE (HDT), HISTONE DEACETYLASE (HDA); PICKLE (PKL); 

FASCIATA (FAS);  ORE (ORESARA);  GENERAL TRANSCRIPTION FACTOR GROUP 

E6 (GTE6); eukaryotic INITIATION FACTOR (eIF); PINHEAD (PNH); TREHALOSE 

PHOSPHATASE/SYNTHASE (TPS); XYLOGLUCAN ENDOTRANSGLUCOSYLASE/ 

HYDROLASE (XTH); ROTUNDIFOLIA (ROT); DWARF (DWF); POINTED FIRST 

LEAF (PFL); RIBOSOMAL PROTEIN SUBUNIT (RPS), PIGGYBACK (PGY), 

COTYLEDON VASCULAR PATTERN (CVP); CLAVATA1-like (CLL), ERECTA (ER), 

ER-like (ERL); CORYNE (CRN); ENHANCER OF SHOOT REGENERATION (ESR), 

CLV3/ESR-RELATED (CLE); LEUCINE-RICH REPEAT RECEPTOR-LIKE KINASE 

(LRR-RLK); COPINE (CPN); AUXIN BINDING PROTEIN (ABP); PINOID (PID); 

YUCCA (YUC);  NITRILASE (NIT); IAA CARBOXYLMETHYL TRANSFERASE (IAMT); 

SUPERROOT (SUR); ROOTY (RTY); SHORT HYPOCOTYL (SHY); CULLIN (CUL); 

SMALL AUXIN UPREGULATED (SAUR); NONPHOTOTROPIC HYPOCOTYL (NPH);  

TOLL/INTERLEUKIN-1 RECEPTOR-LIKE (TIR); ARF1 BINDING PROTEIN (ARF1-

BP); AUXIN SIGNALLING F-BOX (AFB); CORONATINE INSENSITIVE (COI); TIR1-

like PROTEIN (TLP); CRYPTOCHROME (CRY); ISOPENTENYL TRANSFERASE 
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(IPT); ADENOSINE KINASE (ADK); RESPONSE REGULATOR (RR); ARABIDOPSIS 

RR (ARR), CTYOKININ RECEPTOR (CRE); HISTIDINE-CONTAINING 

PHOSPHOTRANSFER FACTOR (HP); CONSTITUTIVE EXPRESSION OF 

PATHOGENESIS-RELATED GENES (CPR); CELL DIVISION CYCLE (CDC), 

CYTOPLASMIC LINKER ASSOCIATING PROTEIN (CLASP); PIROGI (PIR); 

MEDIATOR (MED); MGOUN (MGO); SPIKE (SPK); TETRASPANIN (TET); 

TOPOISOMERASE (TOP); SENESCENCE ASSOCIATED GENE (SAG). 
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Gene Family 

 

Vascular Plant 

Genes 

 

Physcomitrella 

Genes 

 

Sequence 

Identity 

(%) 

 

EST 

Evidence 

 

Meristem Maintenance and Leaf Primordium Differentiation 

(Transcription Factors) 

 

Homeobox - KNOX ZmKN1 

AtSTM 

AtBP 

AtKNAT2 

AtKNAT6 

MKN1-3 

MKN2 

MKN4 

MKN5 

MKN6 

24% - 31%  3 ESTs 

1 EST 

No EST  

No EST 

1 EST 

Homeobox - WOX AtWUS 

AtWOX3 

AtWOX6 

AtWOX9 

AtWOX14 

ZmNS2 

ZmNS2 

3 hits 10% -16%  

 

11 ESTs (2,1) 

7 ESTs (3,0) 

No EST 

 

Homeobox - BEL1-

like  
AtPNY  

AtATH1 

AtPNF 

4 hits 33% -34%  

(2 best hits) 

No EST (4 hits) 

LBD  AtAS2 

AtASL1  

ArLBD12 

24 hits 

 

43% - 44%  

(2 best hits) 

 

2 ESTs (2,0) 

1 EST 

 

LBD AtJLO 25 hits 29% - 39%  

(6 best hits) 

6 ESTs 

No EST (5 hits) 

 AtLFY LFY1 

LFY2 

43% 1 EST 

No EST 
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Leaf Polarity, Leaf Flattening Genes, Leaf Vascular Development, Leaf Senescence 

(Transcription Factors) 

 

Homeobox - Class I 

HD-ZIP 
AtHB20 28 hits  

(17  Class I genes) 

 

13% - 33%  

 

 

 

PPBH7 - 14 ESTs  

PPHB6 - 5 ESTs (2,1) 

PPHB5 - 4 ESTs (3,0) 

Sca_65a - 28 ESTs 

(11,2) 

Sca_65b - 5 ESTs (1,0) 

PPHB9 - 7 ESTs (1,0) 

Sca_28 - 3 ESTs (3,0) 

PPHB8 - 11 ESTs (2,1) 

sca_34 - 3 ESTs 

PPHB2 - 2 ESTs (1,0) 

sca_154 - 12  ESTs 

(12,0) 

sca_77 - 7 ESTs (5,0) 

PPHB1 - 3 ESTs (2,0) 

EBsca_32, sca_31, 

sca_143, sca_4 - No EST  

Homeobox - Class II 

HD-ZIP 
AtHAT14 27 hits (homeobox) 

8 hits 

17 % - 32%  PPHB3 - 3 ESTs (1,0) 

PPHB4 - 4 ESTs (4,0) (2 

hits) 

EBsca_31b, EBsca_31c, 

EBsca_31d - 28 ESTs 

(17,1) 

sca_454 - 2 ESTs (1,0) 

sca_203, sca_53 - No 

EST 
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Homeobox - Class III 

HD-ZIP  
AtREV 

AtPHAB 

AtPHAV 

AtCNA 

5 hits 

5 hits 

 

55% - 57%  PPHB10 - 1 EST  

PPHB 11 - 8 ESTs (2,0) 

PPHB 12 - 1 EST (1,0) 

PPHB13 - 6 ESTs (2,1) 

PPHB 14 - 5 ESTs (1,0) 

Homeobox- Class IV 

HD-ZIP 
AtML1 4 hits 18% - 61% HDZ41 - 2 ESTs (1,0) 

HDZ42 - 4 ESTs 

HDZ43 - 2 ESTs 

HDZ44 - No EST 

MADS-box AtFUL 26 hits  

(2 pseudogenes) 

35% - 41%  

(6 MIKC
C 

genes) 

PPM1 - 9 ESTs 

PPM2 - 6 ESTs 

PpMADS1 - 7 ESTs (1,1) 

PpMADS-S - 4 ESTs 

(1,0) 

PPMC5 - 16 ESTs (5,1) 

PPMC6 - 5 ESTs (3,0) 

PpMADS2 - 3 ESTs 

PPM3 - 15 ESTs (1,0) 

PPM6 - 5 ESTs (1,0) 

PPMA9 - 3 ESTs 

PPMA11 - 5 ESTs 

PPTIM1 - 3 ESTs 

PPTIM5 - 3 ESTs 

PPTIM7 - 4 ESTs (2,0) 

No EST (10 hits) 

GARP (HLH 

Superfamily) 

 

AtKAN1 

AtKAN2 

AtKAN3 

17 hits 29% - 32%  

(3 best hits)  

 

KAN - 8 ESTs (1,2) 

KAN2 - 7 ESTs (0,3) 

KAN3 - 2 ESTs 

bHLH AtGL3 6 hits 13% - 22%  

(2 best hits) 

8 ESTs 

3 ESTs 

R2R3 (MYB AtMIXTA >49 hits 21%  No EST 
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Superfamily)  (best hit) 

MYB AtAPL 15 hits 18%  

(best hit) 

5 ESTs (2,0) 

MYB AtAS1 34 hits 10%  

(best hit) 

1 EST (1,0) 

YABBY AtFIL 

AtYAB2 

AtYAB3 

AtINO 

AtCRC 

No hits   

GRAS AtSCR >36 hits  

 

 

 

 

14% - 45% 

(5 best hits) 

 

5 ESTs (0,1) 

1 EST  

No EST 

No EST 

No EST 

AP2/ERF (same as 

AP2/EREBP) 
AtANT 

 

AtBBM 

23 hits 

 

10 hits 

30%  

(2 best hits) 

27% - 29%  

(2 best hits) 

No EST (2 best hits) 

 

No EST (2 best hits) 

AP2/ERF AtDRN 69 hits 14 -17%  

(4 best hits) 

No EST (4 best hits) 

NAC AtCUC2 

AtCUC3 

29 hits 31% - 39%  

(8 best hits) 

3 ESTs (1,0) 

3 ESTs 

No EST (6 hits) 

Class II TCP AtTCP3 

AtTCP2 

AtTCP4 

AtTCP10 

AmCIN 

2 hits  11% - 26%  No EST (2 hits) 

 

 AtJAG 6 hits 28%  No EST (best hit) 
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(best hit) 

LITTLE ZIPPER AtZPR1 No hits   

 AtZPR3 No hits   

CtBP AtAN  PpAN1-1 - 47% 

PpAN1-2 - 49% 

PpAN2-1 - 36% 

PpAN2-2 - 36% 

PpAN1-1 - 9 ESTs (1,1) 

PpAN1-2 - 3 ESTs 

PpAN2-1 - 5 ESTs (3,0) 

PpAN2-2 - 2 ESTs  

 AtEBP1  3 hits 68% - 75%  35 ESTs (5,2) 

14 ESTs (5,0) 

No EST 

 AtGRF5 2 hits 15% - 16% No EST 

 AtSPL 1 hit 23% No EST 

 

Cell Expansion 

 

 AtARL No hits   

   

Chromatin Organization 

 

  

 AtHDT1 

AtHDT2 

HDT1501 

HDT1502 

HDT1503 

38% - 46% 32 ESTs (7,3) 

20 ESTs (6,1) 

13 ESTs (5,0) 

 HDA19 HDA1505 

HDA1504 

5 other hits 

67%  

(2 best hits) 

No EST 

5 ESTs 

 AtPKL CHR1504 

CHR1512 

51%  No EST 

3 ESTs (1,0) 

 AtFAS1 NFF1501 19% No EST 

 AtFAS2 NFB1501 

5 other hits 

46% 1 EST 



170 

 

 AtORE7 6 hits  28% - 31% 10 ESTs (4,1) 

5 ESTs (1,2) 

4 ESTs (1,0) 

4 ESTs  

3 ESTs (1,0) 

No EST 

 AtFIE 2 hits 65%  

(best hit) 

3 ESTs 

 AtCLF 5 hits  44%  

(best hit) 

3 ESTs (0,1) 

 AtGTE6 7 hits 29-39%  

(3 best hits) 

No EST 

 

 

mRNA Degradation/Heteroblasty 

 

eIF2C AGO1 

 

ZIP/AGO7 

ZWILLE/PNH/AGO10) 

9 hits 65% - 72%  

(3 best hits) 

(26% - 36%  

(4 best hits) 

 

AGO1a - 8 (1,1) 

AGO1b - 5 (0,1) 

AGO1c - 7 (0,1) 

AGO1505 - 2 ESTs  

 RDR6 RDR1502 

1 other hit 

37% 1 EST  

 SE 3 hits  32% - 39% 5 ESTs (1,0) 

No EST (2 hits) 

 DCL4 DCL1a** 

DCL1b** 

DCL3** 

DCL4  

11% - 28% 4 ESTs  

1 EST 

No EST 

4 ESTs 

 ZmLBL1 

AtSGS3 

SGS1501 33% 6 ESTs (1,0) 
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 AtSQN 32 hits 66%  

(2 best hits) 

5 ESTs (2,0) 

3 ESTs (1,0) 

 

Metabolism 

 

 AtPSD 1 hit 50% 2 ESTs (1,0) 

 AtPEL3 8 hits 24% - 25%  

(3 best hits) 

30 ESTs (1,1) (best hit) 

46 ESTs (19,0) (next 2 

hits) 

 AtTPS1 

AtTPS6 

AtTPS1 

 6 hits  56% - 57%  

(2 best hits) 

18 ESTs (2,0) 

5 ESTs 

 HASTY 2 hits 42% 3 ESTs (1,0) 

No EST 

 AtXTH9 

OsXTH19 

32 hits  

 

 

39% 

(4 best hits) 

 

27 ESTs (8,3) (2 hits) 

7 ESTs (7,0) 

17 ESTs 

Cytochrome P450 AtROT3 

At DWF4 

20 hits  24% - 31% ID  

(4 best hits) 

30 ESTs (0,6) 

22 ESTs (11,0) 

No EST (2 hits) 
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Ribosomal Proteins 

 

 AtPFL (RPS18A) 7 hits 90% - 91% 29 ESTs (0,1) 

81 ESTs (1,5) 

40 ESTs 

7 ESTs (1,0) 

35 ESTs (1,1) 

 AtPFL2 (RPS13A) 4 hits 85% 86 ESTs (0,5) 

58 ESTs (1,0) 

21 ESTs (0,1) 

 AtAE5 (RPL28A) 5 hits 53% - 55% 44 ESTs (1,0) 

50 ESTs (0,1) 

27 ESTs (2,3) 

12 ESTs 

 AtPGY1 (RPL10aB) 3 hits 82% - 83% 35 ESTs (1,2) 

88 ESTs (0,1) 

42 ESTs (1,1) 

 AtPGY2 (RPL9C) 5 hits  72% - 75%  

(4 best hits) 

83 ESTs (0,2) 

21 ESTs (1,3) 

41 ESTs 

 AtPGY3 /RPL5A/ AE6) 4 hits 68% - 69% 10 ESTs (0,2) 

141 ESTs (10,5 ) 

181 ESTs (20,5) 

54 ESTs (4,3) 

 AtCVP1 3 hits 68% - 69% 5 ESTs (1,1) 

11 ESTs (2,1) 

No EST 
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Signalling 

 

 AtTRN1 2 hits 25% - 26% 

 

6 ESTs 

5 ESTs 

 LRR-RLK AtCLV1 
CLV2 

 

CLL1A 

CLL1B 

CLL4A 

CLL4B 

47%  

48% 

33% 

34% 

No EST 

3 ESTs 

No EST 

No EST 

ESR AtCLV3 

 

6 hits 22%  to 31%  

(3 best hits) 

CLE170 - 3 ESTs 

No EST 

No EST 

LRR-RLK AtER 

AtERL1 

AtERL2 

PpERL1a 

PpERL1b 

PpERL1c 

PpERL1d 

PpERL2a 

PpERL2b 

49% - 52%   

 

No EST 

No EST 

No EST 

1 EST  

1 EST (1,0) 

No EST 

Receptor kinase AtCRN > 217 hits 20% - 30%  

(2 best hits) 

No EST (2 best hits) 

 AtCPN1 1 hit 44% 6 ESTs (1,0) 

 AtCVP2 10 hits 34% - 36%  

(6 best hits) 

5 ESTs 

3 ESTs (1,0) 

2 ESTs (2,0) 

3 ESTs 

No EST (2 hits) 
  



174 

 

 

Auxin Signalling 

 

 AtABP1 ABP1 43% 1 EST   

 AtPID 29 hits 45% - 46%  

(3 best hits) 

4 ESTs 

No EST (2 hits) 

 AtSFC/VAN3 20 hits 54% - 55%  

(3 best hits) 

2 ESTs 

2 ESTs 

No EST 

 AtYUC 6 hits 46% - 48% 7 ESTs 

No EST (5 hits) 

Cytochrome p450 AtCYP79B2 

AtCYP79B3 

51 hits 26% - 28%  

(3 best hits) 

2 ESTs (0,1) 

49 ESTs (1,2) 

2 ESTs (0,0) 

 AtNIT1 
AtNIT2 

1 hit 56% 8 ESTs (3,0) 

 AtIAMT1 4 hits 23% - 31%  

(3 best hits) 

17 ESTs (5,0) 

No EST (2 hits) 

 AtSUR1/RTY 5 hits 37%  

(best hit) 

6 ESTs (1,0) 

 AtSUR2/CYP83B1  51 hits 32%  

(best hit) 

No EST (best hit) 

 AtIAA3 /SHY2 

AtIAA6 

AtIAA12/BDL 

AtIAA17/AXR3 

AtIAA18 

2 hits 36% - 38%  11 ESTs (3,0) 

13 ESTs (2,0) 

 AtAXR1 2 hits 54% - 55% 8 ESTs (3,1) 

2 ESTs 



175 

 

 AtAXR6/CUL1 9 hits  80%  

(3 best hits) 

7 ESTs (0,1) 

6 ESTs (0,1) 

20 ESTs (3,0) 

 AtSAURs 18 hits* 19% - 28% 

 (5 hits 

respresented by 

ESTs from 

leafy shoots)  

16 ESTs (8,0) 

8 ESTs (0,1) 

8 ESTs (1,0) 

5 ESTs (5,0) 

4 ESTs (0,1) 

4 ESTs 

3 ESTs 

3 ESTs 

1 EST 

No ESTs (9 hits) 

 AtGH3-like 2 hits* 38% - 42% 41 ESTs (11,1) 

31 ESTs (3,5) 

 AtARFs 

AtETTIN/ARF3 

AtARF4 

AtMP/ARF5 

AtARF6 

AtARF7/NPH4/TIR5 

12 hits* 48%  

(hit represented 

by EST from 

leafy shoots)  

4 ESTs (1,0) 

8 ESTs 

6 ESTs 

5 ESTs 

2 ESTs 

No ESTs (7 hits) 

 AtARF1-BP/ARF2 1 hit 25% 5 ESTs (1,1) 

 AtPINs 

AtPIN3 

PINA 

PINB 

PINC 

PIND 

59% (AtPIN3) 

58% (AtPIN3) 

53% (AtPIN3) 

36% (AtPIN5) 

1 EST 

1 EST (1,0) 

No EST 

No EST 

 Other auxin efflux carriers 6 hits 22% - 52%  14 ESTs (5,0) 

7 ESTs (2,0) 

5 ESTs (1,0) 

No EST (3 hits) 
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 AtAFB3 

AtAFB1 

AtCOI1 

TIRA2 

TLP1B 

TLP2B 

TLP3A 

TIRB2 

TLP2A 

TLP3B 

54%  

31%  

39%  

34%  

10 ESTs (2,0) 

22 ESTs (8,6) 

2 ESTs (1,0) 

5 EST(1,3) 

2 ESTs 

2 ESTs 

1 EST 

 AtARGOS  No hits   

 AtCRY2 

 

AtCRY3 

CRY1a 

CRY1b† 

CRY3 

57% 

57%   

60%  

9 ESTs (0,1) 

(CRY1a, CRY1b) 

No EST 

 

CK Signalling 

 

 AtIPT7 2 hits 25% - 26% 3 ESTs (0,2) 

3 ESTs 

 AtADK 2 3 hits 59% - 67% 59 ESTs (10,3) 

No EST (2 hits) 

 AtAHK5 

 

 

AtAHK3 

 

 

AtAHK4 

 

 

AtARR2 

 

 

 

CK12a 

CK12b 

CKI2c 

CKI2e 

RR12 

CK13a 

CK13b 

CK13c 

CRE2 

CRE3 

CRE1 

RR1 

RR2 

5% - 46%  

 

 

28% - 29%  

 

 

47% - 49% 

 

 

23% - 27% 

 

 

 

1 EST 

1 EST 

4 ESTs  

3 ESTs (0,1) 

No EST 

1 EST 

No EST 

No EST 

2 ESTs (1,0) 

1 EST (1,0) 

No EST 

No EST 

2 ESTs (2,0) 
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AtARR3 

AtARR5 

AtARR9 

 

 

AtARR10 

AtARR15 

AtHP5 

RR3 

RR4 

RR5 

RR6 

RR10 

RR7 

RR9 

RR11 

RR14 

RR8 

HP1 

HP2 

 

 

 

35% 

45% 

32% - 34% 

 

 

8%  

41% 

44% - 46% 

 

No EST 

6 ESTs (2,0) 

7 ESTs (4,0) 

No EST 

No EST 

2 ESTs 

2 ESTs (0,2) 

7 ESTs (0,1) 

No EST 

3 ESTs 

11 ESTs (5,0) 

4 ESTs (4,0) 

 

Growth Regulators 

 

 AtDWF1 2 hits  73% - 74% 125 ESTs (28,7) 

No EST 

 AtCPR5 2  hits 24% - 25% 3 ESTs 

No EST 

 AtDET2 3 hits 43%  

(best hit) 

11 ESTs (1,0) (best hit) 

 

Leaf Expansion:  Cell Cycle Control 

 

 AtCDKA1  

 

72 hits 

 

83%  

(2nd best hit)         

19 ESTs (7,0) 

4 ESTs (2,0) 

 CycD3 2 hits 30% - 32% 6 ESTs (1,0) 

11 ESTs 

 AtCDC2A 74 hits 32 - 83% 

(2 best hits) 

19 ESTs (7,0) 

4 ESTs (2,0) 
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 AtICK1 No hits   

 AtCLASP 4 hits  50%  

(2 best hits) 

3 ESTs (1,0) 

No EST 

 

Cell Morphogenesis 

 

 AtPIR 2 hits  57% - 59% 4 ESTs 

3 ESTs 

 AtMED14  3 hits 43%  

(best hit) 

No EST 

 

Miscellaneous/Unknown 

 

 AtMGO/TOP1α 

AtMGO3 

1 hit 33% 1 ESTs 

CDM AtSPK1 6 hits 60% - 63% 3 ESTs 

1 EST 

2 ESTs (1,0) 

2 ESTs 

WBC Class of ATP-

binding cassette 

(ABC) transporters 

AtDSO 

 

59 hits 51% - 59%  

(4 best hits) 

6 ESTs (2,0) 

No EST 

No EST 

No EST 

 AtTRN2/TET1 4 hits 

 

41% - 42%  78 ESTs (32,3) 

25 ESTs (12,1) 

No EST (2 hits) 
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Senescence and/or Dehydration Response 

Cysteine Proteases 

 

 AtSAG12 8 hits 47% - 50%  

(2 best hits) 

47 ESTs (18,1) 

45 ESTs (4,8) 

*found using the Advanced Search tool in the JGI Physcomitrella genome database 

**affects gametophore development and/or leaf development in Physcomitrella 

† Due to a putative error in the JGI sequence, the mRNA sequence deposited in NCBI by Imaizumi and colleagues (2002) was used. 
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Fig. 48 Similarity of proteins involved in leaf development in vascular plants and 

their putative homologues in Physcomitrella 

The mean percentage identities of sequences of proteins involved in vascular plant leaf 

development and their closest  homologues in the Physcomitrella genome are shown for 

several functional categories:  Transcription Factors (TF), Transcription Factor 

Regulators (TFR), Chromatin Organizers (CHR), mRNA Degradation (mRNA), 

Metabolism (MET), Ribosomal Proteins (RP), Signalling (SIG), Auxin Signalling 

(AUX), Cytokinin Signalling (CK), other Growth Regulators (GR), Cell Cycle control 

(CC), other Cell Morphogenetic functions (CM) and Miscellaneous/Unknown (MISC). 
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percentage identity for all categories was 49%.  The mean percentage identity for 

transcription factors (31%) was the lowest and the highest was for ribosomal proteins 

(76%). 

3.13.2 Evidence for expression of candidate leaf developmental genes in 

Physcomitrella 

Inference of expression levels from numbers of ESTs was conducted.  There are 

362,587 Physcomitrella EST reads in Unigene, of which 57,149 are from the 

gametophore libraries and 17,186 are from the mixed protonemal and gametophore tissue 

libraries.  Thus, EST sequences from the leafy shoot and mixed libraries constitute 14% 

and 5% of the Physcomitrella EST sequences in Unigene respectively. 

Clearly ESTs from the leafy shoot libraries, like those from the mixed libraries, 

may represent genes that are expressed not only in leaves but in stems and, possibly, 

rhizoids as well as, in the case of the mixed library, protonemal tissue.  However, in the 

absence of available cDNA libraries from leaf tissue alone, the proportions of ESTs 

isolated from gametophores is taken here as a reasonable estimator of expression levels in 

leaves. 

The numbers of ESTs (Fig. 50) that were isolated from the leafy shoot and mixed 

gametophytic cDNA libraries varied among functional categories.  The transcription 

factor category was represented by the highest number of ESTs (71).  The number of 

ESTs from the leafy shoot and mixed libraries that represented genes involved in auxin 

signaling was also high (64). 

 

 

 



183 

 

 

 

 

 

 

 

 

Fig. 49 Numbers of ESTs representing candidate leaf developmental genes in 

Physcomitrella 

Numbers of ESTs from cDNA libraries constructed from the upper halves of 

gametophores (dark green), mixed gametophytic tissue (light green) and other tissues 

(blue) are shown for several functional categories of genes:  Transcription Factors (TF), 

Transcription Factor Regulators (TFR), Chromatin Organizers (CHR), mRNA 

Degradation (mRNA), Metabolism (MET), Ribosomal Proteins (RP), Signalling (SIG), 

Auxin Signalling (AUX), Cytokinin Signalling (CK), other Growth Regulators (GR), 

Cell Cycle control (CC), other Cell Morphogenetic functions (CM) and 

Miscellaneous/Unknown (MISC). 
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3.13.3 Transcription factors 

Separate analysis of transcription factors revealed that few gene families were 

highly similar in Physcomitrella and vascular plants (Fig. 51).  Notable exceptions were 

the HD-ZIP genes and the AS2 homologues.  The abundance of ESTs from leafy shoots 

that represented transcription factors was low for most families (Fig. 51).  However, HD-

ZIP genes, MADS-box genes and WOX genes were well represented by ESTs from leafy 

shoots and mixed gametophytic tissue. 

3.13.4 MADS-box genes 

A total of 26 MADS-box genes (see Appendix E, Fig. E1 for a histogram 

comparing the numbers of MADS-box genes in several plant genomes), including two 

pseudogenes, was found in the Physcomitrella genome database (Table 7). 

Complete sequences were obtained for PpMADS-S and a gene previously known 

only from an EST fragment (AJ487537).  Additionally, one novel MIKC
C 

MADS-box 

gene was found.  The latter two genes were named Physcomitrella patens MIKC
C
 5 and 6 

(PPMC5 and PPMC6).  Six novel MIKC* genes were named P. patens MIKC Asterisk5 

(PPMA5, a pseudogene), PPMA8, PPMA9, PPMA10, PPMA11 and PPMA12 (see 

Appendix E, Fig. E2a,b for separate alignments of the MIKC
C
 and MIKC* amino acid 

sequences, respectively, and Fig. E3 for alignments of the MADS domains and K 

domains of type II proteins). 

Additionally, eight type I MADS-box genes were identified and named P. patens 

type I MADS1 to 8 (PPTIM1 to 8).  PPTIM6 is a pseudogene. 
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Fig. 50 Similarity of transcription factors involved in leaf development in vascular 

plants and their homologues in Physcomitrella 

The percentage identities of sequences of transcription factors involved in vascular plant 

leaf development and their closest homologues in Physcomitrella are shown. 
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Fig. 51 Numbers of ESTs representing Physcomitrella homologues of tracheophyte 

transcription factors involved in leaf development 

The numbers of ESTs from cDNA libraries constructed from the upper halves of 

gametophores (dark green), mixed protonemal and gametophytic tissue (light green) and 

other tissues (blue) are shown for Physcomitrella homologues of vascular plant 

transcription factors involved in leaf development. 
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Table 7 MADS-box genes in the Physcomitrella genome 

Type Subtype Gene Name 
JGI Protein 

ID 
Reference  

Comments 

EST Support 

Type I  PPTIM1 235397  
Complete 

cds 

Type I Mα PPTIM2 235399  No EST 

Type I Mα PPTIM3 235400  No EST 

Type I  PPTIM4 235402  
Complete 

cds 

Type I  PPTIM5 235403  
Complete 

cds 

Type I Mβ PPTIM6 235404  
Pseudogene 

No EST 

Type I Mβ PPTIM7 235405  Partial cds 

Type I Mβ PPTIM8 235413  No EST 

Type II MIKC
C
 PPM1 235332 

Krogan and 

Ashton, 2000 

Complete 

cds 

Type II MIKC
C
 

PPM2a 

PPM2b 

235322 

235424 

Krogan and 

Ashton, 2000 

Alternatively 

spliced 

Complete 

cds 

Type II MIKC
C
 PpMADS1 235334 

Henschel et 

al., 2002 

Complete 

cds 

Type II MIKC
C
 PpMADS-S 235817 

Hohe et al., 

2002 
Partial cds 

Type II MIKC
C
 PPMC5 235373 

Hohe et al., 

2002 

 

Complete 

cds 

http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235397
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235399
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235400
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235402
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235403
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235404
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235405
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235413
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235332
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235322
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235424
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235334
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&fTable=JAM_UserModels&fId=1046
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235373
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Type II MIKC
C
 PPMC6 235832  Partial cds 

Type II MIKC* PpMADS2 166549 
Henschel et 

al., 2002 
Partial cds 

Type II MIKC* PpMADS3 209690 
Henschel et 

al., 2002 
Partial cds 

Type II MIKC* PPM3 235337 
Henschel et 

al., 2002 

Complete 

cds 

Type II MIKC* PPM4 140124 
Henschel et 

al., 2002 

Complete 

cds 

Type II MIKC* PPM6 235340 
Riese et al., 

2005 

Complete 

cds 

Type II MIKC* PPM7 235342 
Riese et al., 

2005 

Complete 

cds 

Type II MIKC* PPMA5 235395  
Pseudogene 

No EST 

Type II MIKC* PPMA8 235381  Partial cds 

Type II MIKC* PPMA9 235382  Partial cds 

Type II MIKC* PPMA10 235384  Partial cds 

Type II MIKC* 
PPMA11a 

PPMA11b 

191533 

235709 
 

Alternatively 

spliced 

Partial cds 

Type II MIKC* PPMA12 235385  Partial cds 

http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&fTable=JAM_UserModels&fId=1049
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=166549
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=209690
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235337
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=140124
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235340
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235342
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235395
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235381
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235382
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235384
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=191533
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&fTable=JAM_UserModels&fId=938
http://genome.jgi-psf.org/cgi-bin/dispGeneModel?db=Phypa1_1&id=235385
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Phylogenetic analysis of the MADS-box genes from Physcomitrella and taxa 

from several major plant groups revealed that the MIKC
C
 genes formed a moss-specific 

clade separate from all other MIKC
C
 genes (Fig. 53).  Similarly, the Physcomitrella 

MIKC* genes clustered together in one clade that was sister to the Arabidopsis MIKC* 

genes.  PPTIM2 and PPTIM3, clustered with Mα genes from Arabidopsis and S. 

moellendorffii.  PPTIM7 and PPTIM8 formed a clade that was sister to a clade of 

Arabidopsis Mβ genes, within a larger clade that also included Mγ genes from 

Arabidopsis. 

A separate phylogenetic analysis of MIKC
C
 genes in Physcomitrella revealed that 

PPM1, PPM2 and PpMADS1 belong to a single, well supported clade (Fig. 54).  A 

second clade comprising PpMADS-S, PPMC5 and PPMC6 was less well supported.  (See 

Appendix E, Fig. E4a,b, for similar phylogenetic trees of MIKC* and type I genes, 

respectively.) 

Analysis of the architectures of Physcomitrella MIKC
C
 genes (Fig. 55) revealed 

that the first intron in PpMADS-S, PPMC5 and PPMC6 is similar in length (1005 bp – 

1116 bp) and significantly longer than the first intron in the genes of the PPM1 clade 

(565 bp – 652 bp).  The architectures of PPMC5 and PPMC6 are highly similar except 

that the intron between the last exon of the K-box and the first exon of the C-terminal 

region is lacking in PPMC6 (see Appendix E, Fig. E5 for a similar diagram of MIKC* 

architectures). 

Analysis of the chromosomal locations of MIKC
C
 genes revealed that each gene 

in the PPM1 clade is situated adjacent to a PLASMA MEMBRANE INTRINSIC PROTEIN 

(PIP) subfamily aquaporin gene and in the same relative orientation (see  
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Fig. 52 Phylogenetic tree of plant MADS-box genes 

A phylogenetic tree of MADS-box genes from representative plant taxa is shown.  
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Fig. 53 Phylogenetic tree of MIKC
C 

genes in Physcomitrella 

A WMP tree of MIKC
C
 genes in Physcomitrella rooted with two Physcomitrella MIKC* 

genes, PpMADS2 and PPM6, is shown.  Bootstrap values and posterior probabilites for 

WMP, Bayesian and ML trees are shown from left to right.  A dash indicates that the 

branch is not present in the corresponding tree. 
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Fig. 54 Exon-intron architectures of MIKC
C 

genes in Physcomitrella 

A schematic diagram of the exon-intron architectures of MIKC
C
 genes in Physcomitrella 

is shown to scale.  Coloured rectangles represent exons (5' Extension – pink; MADS-box 

–red; Intervening Region – yellow; K-box - blue and 3' Region – purple).  Introns are 

represented by black lines. 
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Fig. 55 Scaffold locations of PPMC5 and PPMC6 

 

PPMC5 and PPMC6 (green) and segments (approximately 37 kb and 19 kb  downstream 

from PPMC6 and PPMC6 respectively) containing genes encoding DDHC-type zinc-

finger proteins (purple), RNA binding proteins (blue) and genes that are unrelated to 

other genes in the figure (gray). 
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Appendix E, Fig. E6).  An independent study showed that these three aquaporin genes 

belong to a single clade of the PIP subfamily (Danielson & Johanson, 2008).  

Additionally, PPM1 and PPM2 are located on the same scaffolds as PpMADS2 and 

PpMADS3 respectively. 

Two of the three genes that are located immediately downstream of PPMC5, a 

DDHC-type zinc finger gene and an RNA binding protein, are in the same positions and 

relative orientations as two related genes that are downstream from PPMC6 except that 

there are two additional intervening genes between PPMC6 and the zinc finger gene (Fig. 

56). 

Calculation of the numbers of synonymous substitutions (Ks) in paired MIKC
C
 

genes (Table 8) revealed that the Ks for the PPM2-PPM1 and PPM2-PpMADS1 pairs 

falls within the range of (0.6 < Ks < 1.1) that Rensing and colleagues (2007) considered 

to represent an ancient polyploidization event (see Appendix E, Table E1 for similar 

tables of paired MIKC* and type I genes and Fig. E7 for a model of MADS-box gene 

duplication in Physcomitrella).  The Ks value for the PPM1-PpMADS1 pair is lower than 

the range for the polyploidization event.  The Ks values for the PPMC5-PpMADS-S and 

PPMC6-PpMADS-S gene pairs are similar and are close to the upper range of values for 

the polyploidization period.  In contrast, the Ks value for the PPMC5-PPMC6 pair is 

lower. 

EST evidence is available, although in some cases incomplete, for all of the novel 

type II genes, except the pseudogene, and four of the type I genes (Table 6).  The 

proportions of MADS-box EST sequences available in Unigene from each 
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Table 8 Ks values for pairs of MIKC
C
 genes in Physcomitrella 

The Ks values for pairs of MIKC
C
 genes are shown.  Values that lie within the range that 

corresponds to the ancient polyploidization event that Rensing and colleagues (2007) 

hypothesized are highlighted. 

 PPM1 PPM2 PpMADS1 PpMADS-S PPMC5 

PPM2 0.6608 

 

    

PpMADS1 0.4763 

 

0.7596 

 

   

PpMADS-S 1.7588 

 

1.9686 

 

2.7788 

 

  

PPMC5 1.8353 

 

1.7863 

 

2.1530 

 

1.0728 

 

 

PPMC6 1.4872 

 

1.3991 

 

1.5571 

 

1.1574 

 

0.5593 
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Fig. 56 Proportions of ESTs representing MADS-box genes 

The percentages of all MADS-box transcripts (pink) and all gene transcripts (blue) from 

Physcomitrella in Unigene that were isolated from each tissue type are compared.  (LS - 

leafy shoots, M - mixed leafy shoots and protonema, P - protonema, AA - antheridia and 

archegonia, YS - young sporophyte, GS - green sporophytes). 
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Physcomitrella tissue type were calculated and compared with the corresponding 

proportions of all Physcomitrella EST sequences (Fig. 57).  The numbers of ESTs 

representing MADS-box genes in Physcomitrella are disproportionately low from the 

leafy shoot and mixed gametophytic tissue libraries, disproportionately high from the 

protonemal tissue and green sporophyte libraries and absent from the 

archegonia/antheridia and young sporophyte tissue libraries.  This comparison is 

incomplete because not all of the available ESTs are entered in Unigene.  However, the 

comparison was restricted to ESTs available in Unigene because the total numbers of 

EST sequences from each type of tissue are known for that database. 

PCR experiments, using primers designed to amplify overlapping DNA fragments 

representing the 5' end and the 3' end of an intact copy of each of PpMADS-S, PPMC5 

and PPMC6, resulted in the production of fragments (Fig. 58a,b,c, respectively) of the 

expected lengths (See Fig. 2).  To distinguish between the 5' end fragments of PpMADS-

S and PPMC6, the corresponding PCR products were digested with BamHI and the 

fragments of the expected lengths (PpMADS-S, 331 bp and 953 bp; PPCM6, 84 bp and 

1200 bp) were produced (Fig. 58d).  Additionally, primer pairs, each consisting of one 

primer specific to the construct used to transform MM2-G 3-1 and one primer specific to 

the 3' UTR of one of the genes of interest, were used in an attempt to amplify potential 

recombined genes by PCR.  A control experiment designed to amplify the 3' end of the 

recombined PPM2 produced the expected fragment of ~ 1.8 kb but, in PCR experiments 

designed to amplify a recombined PpMADS-S, PPMC5 or PPMC6, no fragment was 

detected (Fig. 59). 
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Fig. 57 Electrophoresed PCR products and restriction digest fragments 

Products of PCR reactions using primer pairs designed to amplify the 5' ends and the 3' 

ends of intact PpMADS-S, PPMC5 and PPMC6 genes are shown in a), b) and c), 

respectively.  In each case, products of reactions using the 5' end primers and no DNA 

(control), MM2-G 3-1 and pabB4 were loaded into lanes 1, 2 and 3.  Reactions using the 

3' end primers and no DNA, MM2-G 3-1 and pabB4 were loaded into lanes 4, 5 and 6.  A 

1 kb ladder was loaded into lane 7.  Fragments produced by restriction digests designed 

to distinguish between the 1284 bp fragments representing the 5‟ ends of PPMC6 (lane 1) 

and PpMADS-S (lane 2) are shown in d) along with the 1 kb ladder (lane 3).  

Approximate lengths of selected fragments are shown along with black arrowheads 

indicating the corresponding bands.  A faint band (red arrowhead) appears approximately 

in the expected position for an 84 bp fragment. 
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a) 
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Fig. 58 Electrophoresed products from PCR reactions designed to amplify 

recombined genes 

PCR products from reactions designed to amplify the 3' end of PpMADS-S (lane 2), 

PPMC5 (lane 3), PPMC6 (lane 4) and PPM2 (positive control, lane 5) genes if they had 

recombined with the MM2-G construct are shown. 
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3.14 KNOX genes 

 A tblastn search of the Physcomitrella genome database revealed 7 KNOX genes 

including 1 pseudogene.  Five genes were previously known.  The novel gene and the 

pseudogene were named MKN6 and MKN7 respectively.  MKN6 was given the same 

name in an independent study (Sakakibara et al., 2008).  MKN1-3, MKN2 and MKN6 are 

represented by ESTs isolated from sporophytic tissue and no EST representing any of the 

other genes was available.  Phylogenetic analysis revealed that the Physcomitrella KNOX 

genes form moss-specific clades within the multi-taxon class 1 and class 2 clades (Fig. 

60).  MKN6 and MKN7 belong to the class 2 and class 1 subfamilies, respectively. 

 Examination of the scaffold locations of the KNOX genes revealed that MKN2 and 

MKN7 are located in tandem in head-to-tail orientation (Fig. 61).  A putative C2 

Calcium/lipid binding region (CaLB) gene is located immediately upstream of MKN2 and 

oriented in the opposite direction.  Additionally, upstream of both MKN4 and MKN5 are 

E1 C-TERMINAL RELATED (ECR1) genes, oriented in the same direction as the KNOX 

genes and DE-ETIOLATED1 (DET1) genes oriented in the opposite direction.  A CaLB 

gene is inserted between the ECR1 and DET1 genes upstream of and in the opposite 

direction to MKN5, and four genes that are unrelated to the neighbouring genes are 

located between the ECR and DET1 genes upstream of MKN4. 

3.15 WOX and CLV genes 

 Three WOX gene models are present in the Physcomitrella genome database.    

The four Physcomitrella homologues of CLV1 and CLV2 are 33% to 48% identical to 

AtCLV1 (Table 6).  A tblastn search of the Physcomitrella genome with the sequence of 

CLV3 yielded no hits.  However, a second tblastn search was performed, using the  
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Fig. 59 Phylogenetic tree of KNOX genes 

A Bayesian tree of KNOX genes from Physcomitrella and selected vascular plant taxa, 

rooted with the single KNOX gene present in each of the genomes of the green algae, 

Ostreococcus lucimarinus and O. tauri, is shown.  Class 1 and class 2 genes are shown in 

purple and blue, respectively.  Posterior probabilities (left) and bootstrap values (right) 

from the Bayesian and a highly similar WMP tree are shown.  A dash indicates that the 

branch was not present in the WMP tree.  
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Fig. 60 Scaffold locations of class 1 KNOX genes in Physcomitrella 

The positions and relative orientations of class 1 KNOX genes and neighbouring genes 

are represented by coloured arrows pointing in the 5'  3' direction (KNOX genes, green; 

ECR1, purple; CaLB, blue; DET1, orange, unrelated genes, gray).  Intergenic regions are 

represented by black lines.  The diagram is not to scale. 
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sequence of a CLV3 homologue, CLE170, which was recently identified by Oelkers and 

colleagues (2008) who used a Hidden Markov Model approach.  Two more CLV3  

homologues were found in the second search.  The three Physcomitrella CLE sequences 

were between 22% and 31% identical to CLV3. 

3.16 HD-ZIP genes 

A total of 35 HD-ZIP genes was found in the Physcomitrella genome.  Of these, 

17 genes belong to the class I clade, 9 are class II, 5 are class III and 4 are class IV.  The 

same numbers were reported by Mukherjee and colleagues (2009) except that they found 

only 7 class II HD-ZIP genes. 

Two HD-ZIPII genes are located in tandem within the scaffold address given by 

the Mukherjee group (2009) for a single gene and the two genes are designated here as 

EBsca_31b and EBsca_31c to distinguish them from the gene designations given by 

Mukherjee and coworkers (2009).  EBsca_31b and EBsca_31c were identical at the 

amino acid level at 158/160 positions.  Two genes on scaffold 42, including HB4 

(annotated by Sakakibara as HB4, designated by Mukherjee and coworkers (2009) as 

sca_42) and a second gene (sca_42b in the Mukherjee group‟s (2009) analysis) encode 

identical amino acid sequences.  The latter two genes are separated by 29 kb, with no 

intervening genes predicted, and are oriented tail-to-tail.  All four genes encode identical 

amino acid residues at 154/160 positions (96% identity). 

Additionally, a divergent sequence, designated here as EBsca_31d, that 

nevertheless bears some similarity especially in the homeobox, is adjacent to the two 

aforementioned class II genes located on scaffold 31.  EBsca_31d is 22% identical at the 

amino acid level to the neighbouring HD-ZIPII sequences and is approximately twice as 
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long.  The homeodomain is well enough conserved that a tblastn search of the JGI 

database, using the EBsca_31d sequence as query, yields hits on one of the adjacent 

scaffold 31 HD-ZIP genes and on both scaffold 42 HD-ZIP genes. 

3.16.1 Similarity of putative HD-ZIP proteins in Physcomitrella and Arabidopsis 

Although AtHAT14 was not among the vascular plant genes known to be involved 

in leaf development, the AtHAT14 sequence was used for comparison of amino acid 

sequences with putative class II HD-ZIP proteins from Physcomitrella and, therefore, 

was included in Table 6.  Similarly, AtML1 was used for comparison with the 

Physcomitrella class IV HDZ protein sequences because AtML1 was the best hit in a 

tblastn search of TAIR using PpHDZ44 as a query. 

The protein sequences encoded by the five HD-ZIPIII genes in Physcomitrella are 

between 55% and 57% identical to the sequence of AtREV.  This level of conservation 

suggests that the functions of HD-ZIPIII genes in Physcomitrella and vascular plants 

could be similar. 

3.16.2 Expression of HD-ZIP genes in gametophytes 

Of the 35 HD-ZIP genes in Physcomitrella, 28 genes are represented by ESTs 

including 23 genes that are represented by ESTs from gametophores or mixed 

gametophytic tissue. 

EST evidence is available for 13 of the 17 HD-ZIPI genes and these are 

represented by a total of 43 ESTs from the leafy shoot library.  The HD-ZIPI genes, 

sca_65a, sca_154 are represented by 11 ESTs and 12 ESTs, respectively, from leafy 

shoots. 
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 Among the ESTs representing the eight Physcomitrella HD-ZIPII genes, 23 are 

from gametophores.  Two highly similar genes that are tandemly arranged, EBsca_31b, 

EBsca_31c, are grouped in a single Unigene entry along with EBsca_31d.  Similarly, a 

second tandem gene pair, PPHB4 and sca_42b, that are nearly identical to each other and 

are highly similar to the first tandem pair, are grouped together in Unigene.  The first 

group is represented by 28 ESTs of which 17 are from the leafy shoot library and 1 is 

from the mixed protonema-leafy shoot library.  The second pair is represented by 4 ESTs, 

all from the leafy shoot library. 

 The class III HD-ZIP genes are represented by a total of 21 ESTs, of which 6 are 

from the leafy shoot library and 1 is from the mixed library.  PPHB13 is represented by 6 

ESTs, 3 of which are from leafy shoots or mixed gametophytic tissue. 

Of the 4 class IV HD-ZIP genes in Physcomitrella, only HDZ41 is represented by 

an EST from leafy shoots. 
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4 DISCUSSION 

4.1 Analogous morphogenetic processes in Physcomitrella and vascular plants 

4.1.1 Leaf growth 

 Leaf growth in Physcomitrella is less complex than in vascular plants in several 

respects.  Because the moss leaf lamina is unistratose, cell divisions and cell expansion in 

the lamina must be coordinated in two, rather than three, dimensions.  Differentiation of 

laminal cells into different tissue types and demarcation of adaxial and abaxial domains 

are not required.  Development of the conducting tissue is simpler in moss leaves than in 

megaphyllous plants because the coordination of midrib development and laminar growth 

is limited to a small number of cells and the midrib consists of few cells and few cell 

types. 

Cells at the apices of P1 through P4 leaves in Physcomitrella are partially 

expanded while cells in the basal portion of the leaf are small, suggesting that cell 

divisions occur at a reduced rate at the apex relative to that at the leaf base or that the 

threshold cell size for division is greater for cells at the leaf apex than for cells at the leaf 

base or that both of these things are true.  Cells in the basal portion of the leaf appear to 

divide many times, resulting in many small cells at the base of P4 leaves.  

 In an investigation of early leaf development in Physcomitrella that combined 

confocal imaging and clonal analysis, Harrison and colleagues (2009) showed that the 

largest lateral segments occupied approximately half the leaf length and more than half of 

the leaf width.  The widest part of the leaf, which is approximately half-way between the 

the apex and the base, may be located at the boundary between the apical portion of the 

leaf, which is produced by divisions of the apical cell and the few divisions of its 
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daughters that are cut off late in leaf development and the basal portion of the leaf, which 

is produced by many divisions of cells within lateral segments. 

Cell counts were not obtained for most leaves P1 through P3 because the cell walls 

were not distinguishable.  However, one P2 leaf and one P3 leaf were stained and were 

found to be composed of 126 and 183 cells respectively.  The mean numbers of cells in 

P4, P5 and P6 leaves are 359 ± 54, 420 ± 62 and 394 ± 68 respectively.  If the 

aforementioned P2 and P3 leaves are typical, the increase in number of cells is greatest 

during the first four plastochrons and thereafter is considerably more modest. 

ANOVA did not reveal a significant difference (data not shown) among the 

means for the numbers of cells in P4, P5 and P6 leaves.  However, since the sample sizes 

were small, a real difference might not have been discovered using this procedure.  

Therefore, the numbers of cells in separate groups of P4, P5 and P6 leaves were plotted 

against leaf number (Fig. 62).  The trendlines for this plot show a greater increment in the 

numbers of cells in successive leaf numbers for each increasing plastochron number and 

an increase in the amount of variation accounted for by changes in leaf number.  This 

suggests that there may be significant, although small, increases in the numbers of cells in 

an individual leaf from P4 through P6.  In P4 leaves, cells were counted only if the cell 

walls were distinct and, therefore, an assumption that the P4 cell counts represent cell 

counts from late P4 leaves may be made.  The mean number of cells in all P4 leaves may 

be lower than the mean given here.  

Cell expansion also accounts for a considerable portion of the increase in leaf 

size.  The length of each cell in a longitudinal file at or near the midline of one leaf at 

each plastochron, P1 through P6, was measured.  The cells were numbered beginning with 
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Fig. 61 Number of cells in P4, P5 and P6 leaves 

The number of leaf laminal cells in P4 through P6 leaves is plotted against leaf number. 
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the apical cell and the lengths of the cells were plotted against the cell number (Fig. 63).  

In P1, P2 and P3 leaves, the cells were progressively smaller from the apex to the base of 

the leaf.  In the P4 leaf, the cells near the base were beginning to expand but were smaller 

than cells near the apex and in the central portion of the leaf.  Cells near the base of the P5 

leaf were as large as or larger than cells in the centre of the leaf but some were smaller 

than the cells near the apex.  In the P6 leaf, the cells near the base were much larger than 

the cells in the more distal portion of the leaf.  This suggests that, as cell division slows in 

the basal region of the leaf, cell expansion begins and continues until P6. 

The means for surface area of cells in the single stained exemplars of P2 and P3 

leaves mentioned above are 75 μm
2
 and 247 μm

2
, respectively and the corresponding 

means for P4, P5 and P6 leaves are 877 μm
2
, 1443 μm

2 
and 1818 μm

2
.  Assuming that the 

P2 and P3 leaves are average, cells expand greatly from P2 through P5.   Comparison of 

the surface area of cells of the P2 and P3 leaves with mature leaves of approximately 

equivalent leaf number revealed that the cells near the leaf apex had attained 14% and 

52% of their mature size at P2 and P3, respectively (data not shown).  Cells in the centre 

of the leaf were expanded to 4% and 14% of their mature size at P2 and P3, respectively.  

Cells at the base of P3 leaves were 3% of the mature size.  The cell walls at the base of 

the P2 leaf could not be distinguished and, therefore, the area of these cells was not 

measured. 

The number of laminal cells in P6 leaves is approximately 3-fold that of P2 leaves 

while the surface area of P6 leaf cells is approximately 24-fold that of P2 leaf cells.  In  

sharp contrast, a 20-fold increase in cell number in the leaves of Lupinus albus is 

responsible for the majority of the increase in the volume of the leaf primordium from P1 
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Fig. 62 Lengths of individual cells in a file from the apex to the base of growing 

leaves 

The length of each cell from the apex (Cell 1) to the base of one leaf at each plastochron 

stage, P1 through P6, is shown. 
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through P7 since cell volume increases by only 3- to 4- fold (Sunderland & Brown, 1956). 

Leaf growth in Physcomitrella ends by P6 and, under normal laboratory 

conditions, does not resume.  Plots of leaf area of and number of laminal cells in mature 

leaves at each leaf number show no significant increase or decrease with plastochron 

number.  The leaf area of and the number of laminal cells in mature L5 leaves are shown 

as examples (Fig. 64a,b).  Both area and cell number varied considerably but neither 

increased nor decreased significantly with plastochron number for P7 to P38. 

In contrast, in tobacco leaves, rapid initial growth followed by logarithmic growth 

occurs over approximately five plastochrons and, subsequently, a slow growth rate 

contributes to final leaf size which is reached approximately three weeks after leaf 

initiation (Poethig & Sussex, 1985b). 

4.1.2 Leaf shape 

 In Physcomitrella, the shape of juvenile leaves, described recently by Harrison 

and colleagues (2009) as “pointed and oblong” and illustrated in an earlier photograph by 

Sakakibara and coworkers (2003), differs quantitatively rather than qualitatively from the 

lanceolate shape of the upper leaves.  A more triangular shape is characteristic of some 

first leaves on branches. 

Consensus outlines of Physcomitrella leaves with and without midribs, from 

various insertion positions, reveal that the silhouettes of basal and upper leaves form a  

graded series rather than two distinct groups (See Fig. 14). The outlines of three groups 

of leaves without midribs, L1 and L2, L3 and L4 as well as L5 and L6 all illustrate a 

widening from the leaf base to the widest part of the leaf that is not congruent with the  
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Fig. 63 Area and number of cells in L5 

The area of (a) and number of cells in (b) the leaf lamina of mature L5 leaves are plotted 

against plastochron number. 
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view of basal leaves as oblong in shape.  There is a gradual progression from the slightly 

flared basal leaves to the lanceolate shape of upper leaves.  The presence of a short file of 

narrow, elongated cells along the longitudinal midline of some leaves that lack midribs 

may contribute to the tapering from the widest part of the leaf to the base.  A similar 

widening of the lamina is typical of leaves with midribs.  Although the leaves examined  

in this study were mostly flattened during mounting for photomicroscopy, in some cases 

the leaf folded slightly at the midrib near the leaf base.  This folding contributed to the 

appearance of narrowing at the leaf base of some leaves. 

Typically, the form of the first leaves on incipient Physcomitrella gametophores is 

rectangular with a pointed apex at the P1 through P3 stages and changes little.  In contrast, 

upper leaves are triangular at the P1 stages and ovate at the P2 and P3 stages. 

Changes in leaf index, the ratio of length to width, is used as a measure of shape 

change.  In the heteroblastic leaf series in Physcomitrella, leaf index decreases with 

increasing leaf number.  However, leaf index is highly variable in the moss and, 

therefore, progressive change in leaf index is not highly predictable. 

Shape differences in leaves at different stages of development suggest that growth 

rates vary widely along the proximal-distal axis.   The mean distance from the leaf base 

to the widest part of the leaf in P1 leaves, measured as a percentage of leaf length, was 

19% ± 12%.  In contrast, the corresponding distance in mature leaves was 52% ± 1% of 

the leaf length. 

It is possible that a substance or substances transported along the midrib might 

contribute to leaf expansion.  To investigate whether the position of the widest part of the  
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Fig. 64 The relationship between the position of maximum width and midrib length 

The distance from the leaf base to the widest part of the leaf, calculated as a percentage of 

leaf length, is plotted against the midrib length, also calculated as a percentage of leaf 

length.  The widest part of the leaf is approximately half-way between the leaf base and 

the leaf apex regardless of the length of the midrib. 
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leaf on the proximal-distal axis coincided with the end of the midrib, the distance from 

the leaf base to the widest part were calculated as percentages of leaf length and plotted 

against midrib length (Fig. 65).  The plot reveals that the position of the widest part of the 

leaf was variable but, on average, was approximately half-way along the longitudinal axis 

of the leaf and changed only slightly with increasing midrib length.  Thus, diffusion of (a) 

growth substance(s) from the distal end of the midrib is probably not responsible for the 

positioning of maximum leaf expansion in the transverse direction. 

4.1.3 Allometry 

 A plot of leaf length against leaf width for mature leaves at each position, L1 

through L10, reveals that the slopes predicting allometric relationships are similar for 

pairs of successive leaves beginning with L2 and L3 (Fig. 66).  A similar plot for 

Arabidopsis leaves shows pairing of the slopes that approximate the length-width ratios 

for L1 and L2, L3 and L4 and so on (Pérez-Pérez et al., 2002).  The mechanism that 

produces this pattern is unclear.  In Arabidopsis, the cotyledons and the first two true 

leaves are decussate and the phyllotactic pattern gradually becomes spiral.  Possibly, the 

similarity in length-width allometry within pairs of Arabidopsis leaves reflects 

developmental similarities in pairs of leaves although their phyllotactic angles have 

decreased from 180°.  Paired leaf developmental programs may be a feature of 

Physcomitrella leaves that affects leaf proportions but not heteroblastic size increase. 
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Fig. 65 Allometric relationships between length and width of mature L1 through L10 

 leaves 

Trendlines representing the allometric relationships between length and width of 

individual mature leaves are shown for each leaf number, L1 through L10 (L1, blue; L2, 

pink; L3, purple; L4, orange; L5, green; L6, red; L7, gold; L8, dark blue; L9, brown; L10, 

black).  The L2 and L3 trendlines are parallel as are the L4 and L5 trendlines.  The 

trendlines for L6 and L7 leaves are superimposed as are the trendlines for L8 and L9 

leaves. 
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A plot of the number of laminal cells in a longitudinal file near the midline of the 

leaf against the number of laminal cells in the transverse direction at the widest part of 

the leaf (Fig. 13) suggests that, in small leaves, more cell divisions occur in the transverse 

direction than in the longitudinal direction and, in larger leaves, the reverse is true. 

The leaf length-width allometric coefficient (2.5772) for leaves in the 

heteroblastic series was somewhat lower and the allometric exponent (0.7999) was much 

lower than those for growing leaves (2.9251 and 1.312, respectively), indicating that the 

proportions differ less among fully-developed leaves at different insertion points on the 

stem than among growing leaves on the same stem at successive plastochrons (see Fig. 

12). 

4.1.4 Leaf cell size 

In tobacco, epidermal cells and palisade cells are similar in leaves of different 

shape and, thus, variation in leaf shape is not due to variation in cell size and shape 

(Poethig and Sussex, 1985b).  Cells are smaller at the leaf tip and leaf base than in the 

central region of the leaf in tobacco.  In Physcomitrella, cell size varies in different 

portions of the lamina of each individual leaf and the cell sizes are not consistent for 

leaves at different insertion points (Table 1).  This suggests that cell size is subject to 

localized influences. 

4.1.5 The phenomenon of compensation 

In mutant vascular plants exhibiting reduced numbers of leaf cells, the cells 

frequently expand to an abnormally large size in a phenomenon referred to as 

compensation (Tsukaya, 2002b; Tsukaya 2008).  Although leaf size may be reduced 

compared to that of wild type leaves and the leaf form may be abnormal, compensation is 
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regarded by Tsukaya as evidence of organismal regulation of morphogenesis in lateral, 

determinate structures. 

For example, wheat leaves in which cell divisions had been blocked by gamma 

irradiation grew slowly through cell expansion to the normal shape although they were 

unusually small (Haber 1962).  Similarly, transgenic tobacco plants expressing a mutated 

cyclin-dependent kinase 2a (cdc2a) gene from Arabidopsis produced adult leaves of 

normal shape although they were somewhat smaller and contained fewer, larger cells 

(Hemerly et al. 1995). 

In Physcomitrella, since cell size varies in different regions of the leaf and at 

different times during normal development, control of leaf shape and size appears to 

occur at both the level of localized regions of the leaf and the level of the organ.  

However, the increased size of the large-celled leaves of the 55284 strain suggests that 

leaf size may be regulated more at the cellular level than at the level of the organ in the 

moss.  During normal development, both cell division and cell expansion contribute to 

leaf growth up to the end of the P6 stage.  Possibly, an increase in cell size that 

compensates for a reduction in the number of cells in an organ of a mutant plant is due to 

a mechanism that can operate only in organs in which a relatively prolonged period of 

cell expansion follows cessation of cell division. 

 Maintenance of normal surface area in the long, narrow cells of auxin-treated 

leaves suggests that control of cell expansion may involve a mechanism that compensates 

for excessive cell expansion in one direction by a reduction in cell expansion in another 

direction.   Thus, auxin may play a role in localized regulation of leaf size. 
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4.1.6 Midrib development 

 In a set of 145 mature Physcomitrella leaves, all L1 leaves lacked a midrib and, 

from L7 onward, all leaves possessed a midrib (See Fig. 16).  Increasing proportions of 

leaves L2 through L6 exhibited a midrib and no instance was found in which a mature leaf 

without a midrib was located above a leaf possessing a midrib.  Comparison of L3 and L4 

leaves with and without midribs revealed that narrow, elongated cells along the 

longitudinal midline were present in six of the fourteen L3 leaves without a midrib and all 

nine L4 leaves without a midrib (not shown).  This suggests that midrib formation may be 

preceded by the production of narrow, elongated cells along the longitudinal midline of 

the leaf. 

In a comparison of L4 leaves with and without a midrib, no significant difference 

was found in leaf length, in the number of marginal cells or in the number of cells along 

the longitudinal midline of the leaf (Table 9).  The number of cells in the transverse 

direction at the base was not significantly different in L4 leaves with and without a 

midrib. However, the width and leaf area were significantly smaller in leaves without 

midribs.  Additionally, the total number of cells and the number of cells in the transverse 

direction at the widest part of the leaf were reduced in leaves without midribs. 

Interestingly, the mean cell area was significantly smaller in L4 leaves without a midrib.  

These data suggest that there may be a threshold leaf width number of cells in the 

tranverse direction that is required for midrib formation.  Another plausible explanation is 

that the midrib transports nutrients to the leaf, resulting in increased size of leaves with 

midribs in comparison with leaves lacking the midrib. 
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Table 9 Comparison of L4, with and without the midrib 

Several parameters of L4 without the midrib (N = 9) and L4 with the midrib (N = 9) of 

shoots from pabB4 cultures aged 34 d to 37 d are compared.  The mean leaf length and 

width, the mean numbers of laminal cells in a file along the longitudinal midline and in 

the transverse direction at the widest point of the leaf and the mean cell area are shown.  

Means ± 1.96 x standard error are reported.  A significant difference in the means is 

reported as Yes if p < 0.05 in a Student‟s t-test.  A highly significant difference (p < 0.01) 

is indicated by an asterisk. 

 

 

Mean 

(without midrib) 

 

Mean 

(with midrib) 

Significant 

Difference? 

 

Length (mm) 

 

1.01 ± 0.15 1.11  ± 0.14 No 

 

Width (mm) 

 

0.32  ± 0.06 0.41  ± 0.09 Yes 

Number of laminal 

cells (longitudinal ) 

 

14  ± 2 

 

16  ± 2 No 

Number of laminal 

cells (transverse) 

 

13  ± 2 

 

16  ± 2 Yes* 

 

Mean cell area 

(µm
2
) 

 

1550 ± 200 1740 ± 160 Yes 
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However, basal branch leaves lack the midrib (Fig. 67) although they may be 

wider and contain more cells in the transverse direction at the leaf base than is typical for 

basal leaves on the main stem.  Recommencement of the heteroblastic series in branch 

leaves is typical of mosses (Crandall-Stotler & Bartholomew-Began, 2007) and suggests 

that development of different types of leaves in mosses does not depend on the age of the 

gametophore. 

The overall small size of the leaves that lacked midribs might indicate that poor 

nutrition is linked to failure to develop a midrib. However, since Physcomitrella 

gametophores are initiated on a mat of photosynthesizing protonema and the basal leaves 

grow while the protonema persist, this is improbable. 

Midrib formation may require a period of cell divisions without cell expansion. 

Examination of small shoots comprising two, three or four leaves reveals that all cells in 

the first two leaves appear to have expanded (see Fig. 68 for an example) and, therefore, 

the proposed requirement may not be met in basal leaves. 

4.1.7 Production of teeth 

Serrated leaves in vascular plants may exhibit increasing numbers of teeth with 

increasing leaf number (Allsopp, 1967).  A general trend of increased serrulation of 

successive leaves, related to the presence of oblique transverse walls in marginal cells, in 

Physcomitrella was noted (see Fig. 17a) 

All leaves L8 and onward exhibited bulging teeth (see Fig. 17b).  No notched 

tooth was observed in leaves numbered L1 through L6 but approximately one-quarter to 

one-third of leaves L13 and onward exhibited notched teeth.  How the teeth form is 

unclear. 
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Fig. 66 First leaf from a branch 

A triangular L1 leaf from a gametophore branch is shown. 
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Fig. 67 Three-leaved gametophore from a pabB4 culture 

This three-leaved incipient shoot is from a 33 d old culture of the pabB4 strain of 

Physcomitrella.  The scale bar represents 0.2 mm. 
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4.2 Heteroblastic leaf morphology:  discrete or continuous changes? 

Basal and upper leaf forms on Physcomitrella gametophores have previously been 

considered as two discrete morphologies (Sakakibara et al., 2003; Harrison et al., 2009) 

although the gradual increase in size has been reported (Harrison et al., 2009).  This 

classification is deceptive since the transitions, not only in leaf size, but also in leaf index, 

midrib length and number of teeth are gradual and, thus, are probably regulated by a 

single developmental program. 

In contrast, the presence or absence of a midrib is a discrete character.  

Nevertheless, the existence of narrow, elongated cells extending from the leaf base at the 

longitudinal midline or from the distal end of the midrib may represent an intermediate 

state in midrib development and a single developmental program may govern the 

production of long, narrow cells and the midrib. 

The leaves of mosses belonging to the Order Funariales have been proposed to 

represent the primitive moss leaf shape since they are similar to basal leaves of all mosses 

(Mishler and Oliver 2009).  Possibly, Physcomitrella leaves are serially homologous and 

the morphology of basal leaves in Physcomitrella is similar to the leaf form of the earliest 

mosses.  In upper leaves of Physcomitrella, the costa may be an elaboration of the 

primitive leaf form. 

4.2.1 Selective advantages of heteroblasty 

 Leaf heteroblasty is advantageous in some species because the differing leaf 

morphologies offer advantages that are important at different stages of the life cycle.  The 

awl-like juvenile needles of Juniperus occidentalis are less costly to produce than the 

adult leaves and permit higher rates of CO2 assimilation, allowing the juvenile plant to 
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grow rapidly and compete for resources (Miller et al., 1995).  In contrast, the scale-like 

adult needles conserve water so that the plant can survive for long periods in dry 

conditions.  In forest species, leaf heteroblasty is sometimes manifest as a change from 

typical shade leaf morphology to sun leaf form, an adaptation to differing light conditions 

in the understorey and the canopy (Day, 1998). 

 In Physcomitrella the first gametophores are initiated on a mat of 

photosynthesizing filaments and, therefore, the photosynthetic capacity of small basal 

leaves may be sufficient for the incipient gametophore.   Additionally, limitation of 

growth in early leaves restricts shading of the protonemal mat.  As the colony ages and 

becomes crowded with leafy shoots, light is diminished at the bases of the gametophores 

and protonemal growth is reduced.  As the gametophore grows, generation of larger and 

larger leaves increases production of photoassimilates and, furthermore, provides shade 

that may facilitate water retention. 

4.2.2 Heteroblastic increase in leaf size 

In vascular plants, the size of successive leaves in a heteroblastic series frequently 

increases to a maximum and, thereafter, decreases (Allsopp, 1967).  For example, leaf 

size in tobacco increases up to L9, remains constant for L9 through L11 and then decreases 

with each successive leaf (Poethig & Sussex, 1985b).  The same pattern is evident in the 

woody plant, Elaeocarpus hookerianus (Day et al., 1997).  For Physcomitrella leaves, 

however, the length, width, area and number of cells (in the longitudinal direction, in the 

transverse direction and total) increase from the first leaf at the stem base to the 

uppermost mature leaf (P6) on the stem.  In an independent study, Harrison and 

colleagues (2009) noted that each successive leaf on a gametophore contains more cells 
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than the previous leaf, confirming my observation.  The maximum size of Physcomitrella 

leaves appears to be limited by the lifespan of the stem, at least in laboratory conditions. 

There is a regular increase of approximately 43 cells in each successive leaf from 

L1 upward (Equation 12).  According to Harrison and colleagues (2009), there is a small 

increase in the number of daughter cells cut off by the apical cell and therefore a small 

increase in the number of lateral segments in the leaf with each successive leaf.  Possibly, 

the 43 cells added to each successive leaf are the daughters of these few extra daughter 

cells. 

In Arabidopsis, each successive leaf (L2 through L10) requires a longer period of 

time (~ 10 days to 26 days) to reach its maximum length (Donnelly et al., 1999).  In 

Physcomitrella, however, leaf growth typically ceases at P6 and plastochron length may 

not change, suggesting that the time required to reach final leaf size may be constant. 

The differences in size of growing leaves at different plastochrons reflect both 

growth and the heteroblastic increase in size of successive leaves.   To separate the two 

factors, the area of growing leaves was plotted separately for L10 and L11 leaves against 

plastochron number (Fig. 69a).  The curves are similar in shape but the increased size of 

L11 leaves is apparent after the P3 stage. 

To confirm that the heteroblastic increase in size of successive Physcomitrella 

leaves is manifest from P3 onward, the area of upper P1 through P6 leaves was plotted 

against leaf number separately.  The plot reveals that upper P1 and P2 leaves are highly 

similar in size regardless of leaf number (Fig. 69b).  During the P3 and P4 stages, 

however, the size of leaves tends to increase with increasing leaf number. 
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Fig. 68 Changes in area of growing leaves depending on leaf number 

The area of growing L10 (pink) and L11 (purple) leaves is plotted against plastochron 

number (a). The area of growing leaves is plotted separately for each plastochron 

number, P1 through P6, against leaf number (b). 
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The coefficients of determination for the P1 through P5 trendlines ranged from 

0.00 to 0.55 (not shown).  For the P6 trendline, however, the coefficient of determination 

was 0.78.  It must be remembered that the leaves grow considerably during each of the 

first five plastochrons and, thus, natural variation in leaf size is enhanced by the large 

relative age difference of leaves at the beginning and end of the plastochron.  By P6, 

growth has stopped or slowed considerably and, therefore, leaf number is a better 

predictor of leaf size than for the earlier plastochrons. 

Although leaf size varies within a plant species, relative growth in leaf length and 

width is stable (Tsukaya, 2002b).  Leaf index is a measure of leaf shape but will be 

considered along with leaf size here because it is a function of growth in the longitudinal 

and transverse directions.  In Physcomitrella leaf index is variable and tends to drop with 

increasing leaf number because, although more cells are added to the width of successive 

leaves than to the length, the cells are longer than they are wide. 

In Arabidopsis, as in several other plants, adult leaves are composed of a greater 

number of cells than are juvenile leaves and the adult leaf cell size is reduced (Usami et 

al., 2009 and references therein).  In contrast, cell size in the leaflets of the compound 

leaves in potato (Solanum tuberosum) increases from leaflet 6 to leaflet 12 (Horváth et 

al., 2006). 

In mature Physcomitrella leaves, the number of laminal cells increases with leaf 

number and the mean cell surface area increases slightly in successive leaves.  Thus, 

increases in both the number and size of laminal cells contribute to increase in leaf size 

over the heteroblastic series. 
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4.2.3 Leaf index 

 Leaf index, the ratio of leaf length to leaf width, is constant in most plants such 

that differences in leaf indices are used to differentiate between similar varieties or 

species.  Changes in environmental conditions that affect the overall growth of the leaf 

frequently do not change the leaf proportions as measured by leaf index.  Variation in leaf 

index among leaves on an individual plant may reflect ontogenetic programming 

(heteroblasty) or environmental conditions (heterophylly) (Tsukaya, 2002b).  In potato, 

the leaf index appears to fall until the leaf reaches its mature size and thereafter remains 

constant (Salaman, 1924).  In Arabidopsis the leaf index increases with leaf number up to 

leaf 8 and thereafter remains constant (Hunter et al., 2006). 

 In Physcomitrella leaf index is variable but, in general, decreases with increasing 

leaf number.  In the 55284 and 62550 mutant strains, in which laminal cell size differs 

from that of pabB4, leaf index is altered compared to that of pabB4, indicating that 

abnormal cell size is reflected in leaf shape. 

4.3 Effects of exogenous hormones on leaf morphology 

4.3.1 Effects of exogenous auxin on leaf cell elongation 

 In tobacco, the presence of auxin at low concentrations promotes cell expansion 

but not cell division whereas the reverse occurs at high concentrations of auxin (Chen, J-

G, 2001).  Previous experiments with growing Physcomitrella on exogenous auxin 

resulted in the production of large buds, “spiky” buds (leafless stems with many rhizoids) 

or small gametophores (Ashton et al., 1979b). 

In this study, application of low concentrations of the weakly active auxin, β-

NAA, stimulated cell expansion and inhibited cell division. 
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4.3.1 A key role for auxin in leaf determinacy? 

 Leaf determinacy in vascular plants involves a complex network of genes and 

gene interactions that maintain the meristematic activity of the SAM and promote 

determinacy in the leaf primordia.  Class 1 KNOX genes are required for maintenance of 

the meristem in Arabidopsis and act antagonistically to AS1, which is expressed in leaf 

primordia and is a major contributor to determinacy.  However, class 1 KNOX genes do 

not appear to function in the development of Physcomitrella gametophores (Singer et al., 

2007; Sakakibara et al., 2008) and no ARP gene is present in the Physcomitrella genome 

(Floyd and Bowman, 2007). 

Since there is no multicellular SAM at the apex of the Physcomitrella 

gametophore (Harrison et al., 2009), complex networks of genes that maintain 

meristematic activity in the shoot apex, promote determinacy of lateral organs and 

delineate the boundaries between the indeterminate and determinate tissues may not be 

required.  However, the leaf apical cell must cease cleaving off daughter segments and, 

throughout the leaf, cell divisions must terminate and cell expansion must occur to permit 

maturation of the determinate leaf.  Application of β-NAA at low concentrations to 

Physcomitrella gametophores resulted in acceleration of leaf cell expansion and reduction 

of leaf cell divisions.  It is possible that, during normal development, elevation of auxin 

levels or an increase in the ratio of auxin concentration to cytokinin concentration 

provides a relatively simple signalling mechanism for leaf determinacy. 
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4.3.2 Auxin and cytokinin may be key regulators of development of both basal and 

upper leaf forms 

Application of exogenous auxin to cultures of Physcomitrella resulted in 

immature leaves that exhibited early expansion of the cells, enhancement of cell length, 

reduction of cell width, and inhibition of midrib formation.  Consequently, immature 

upper leaves of gametophores from auxin-treated cultures closely resembled mature basal 

leaves from untreated gametophores. 

Treatment of growing Physcomitrella cultures with low concentrations of 

exogenous CK promoted cell division and inhibited cell expansion resulting in arrest of 

young leaves in the leaf growth stage. 

Taken together, these alterations in leaf development suggest that changes in 

auxin and CK concentrations are tightly regulated both spatially and temporally during 

normal leaf morphogenesis and play key roles in the development of basal and upper leaf 

forms. 

Early expansion of cells at the leaf apex and a basipetally moving wave of cell 

expansion during normal leaf growth suggest that a source of auxin activity may be 

present at the leaf apex and auxin may move basipetally over a limited distance.  The 

balance between auxin and CK in the apical region of the leaf may be such that cell 

division proceeds at a slow rate and either the threshold cell size for division is large or 

expansion of newly divided cells is rapid.  Subtle shifts in the auxin-cytokinin ratio near 

the apex in successive leaves may reduce the size of the cells in the apical region, permit 

one or two extra divisions of the apical cell that result in increased leaf cell numbers and 

promote differentiation of midrib cells.  Conversely, it is possible that auxin is not 
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produced in the moss leaf apex and cell expansion in the distal portion of the leaf is not 

auxin-dependent. 

Calculating the mean surface area of all cells in the leaves of a three-leaved shoot 

(Table 10) revealed that, although the leaves were not fully expanded, L1 and L2 were 

composed of cells of mature size (see Table 1).  Since the mean length of L1 leaves (0.66 

± 0.05 mm) is approximately half that of L5 leaves (1.20 ± 0.05 mm), it is possible that 

the proposed basipetal flux of a low amount of auxin reaches the bases of L1 leaves but 

not the bases of larger, later-initiated leaves, resulting in early expansion of all of the 

cells in basal leaves while limiting the rate of cell division.  An additional effect may be 

abrogation of midrib formation although the production of one or a few elongated, 

narrow proto-midrib cells may occur. 

Cytokinin may promote cell division throughout the leaf, the rate being highest in 

the basal portion of the leaf where cytokinin levels are elevated or apically-produced 

auxin is depleted or both. 

Although the cells at the base of the leaf expand last (see Fig. 63), the decreasing 

size of cells from the base to the apex of the mature leaf (see Table 1) suggests that a 

prolonged period of auxin availability at the leaf base may enhance expansion of cells in 

that region.  Cells at the base of L1 and L5 leaves are similar in surface area but are only 

approximately half the area of cells at the base of L14-L17 leaves.  Thus, the period of 

auxin availability may increase in successive leaves as the shoot grows. 

Possibly, a few extra cleavages of the leaf apical cell in successive leaves 

(Harrison et al., 2009) are responsible for the heteroblastic increase in the number of leaf 

cells, as suggested earlier.  The rate of cell division in the daughter segments may not  
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Table 10 Comparison of sizes of leaves from a three-leaved pabB4 gametophore with 

mean sizes of mature pabB4 leaves 

Several parameters of leaf size are compared for young leaves from a single gametophore 

removed from a 33 d old culture of pabB4 and the corresponding means  ± 1.96 x 

standard error for mature leaves from pabB4 cultures. 

 

 

 

Three-leaved Shoot 

(one exemplar) 

 

 

Mature Leaves 

(each N ~ 30) 

Parameter 

 

L1 

 

L2 L3 L1 L2 L3 

Length (mm) 

 

0.49 

 

0.46 0.23 0.66 ± 0.05 
0.79 ± 

0.05 
0.95 ± 0.05 

Width (mm) 

 

0.08 

 

0.08 0.07 0.18 ± 0.02 
0.23 ± 

0.02 
0.30 ± 0.02 

Area (mm
2
) 

 

0.031 

 

0.030 0.013 
0.090 ± 

0.013 

0.138 

0.012 

0.207 ± 

0.026 

Number of Cells 

 

17 

 

16 14 52 ± 6 82 ± 6 126 ± 12 

Mean Cell Surface Area 

(μm
2
) 

 

1810 

 

1877 917 1712 ± 128 
1658 ± 

126 
1636 ± 107 

 

  



241 

 

change.  However, a greater absolute amount of CK may be required by the larger, later-

initiated leaves. 

This description of auxin and CK activity, while speculative, provides a testable 

model for some of the roles played by the two hormones in leaf morphogenesis in 

Physcomitrella. 

Other explanations are possible.  Signal pathways for cell division and cell 

expansion, other than those involving auxin and cytokinin, may influence leaf growth and 

the responsiveness of leaf cells to growth signals may vary spatially and temporally. 

Furthermore, since interactions of both phytohormones with other molecules are 

extensive in plants, cross-talk between hormones and interactions with genetic regulators 

of leaf development are expected to form a more complex network than is presented here 

although it may be simpler than that in vascular plants. 

4.3.3 Expression of auxin-related genes in Physcomitrella leaves 

Investigation of auxin distribution and transport in Physcomitrella leaves has 

produced conflicting results.   The LTII-2 strain of Physcomitrella, which harbours an 

auxin-responsive β-D-glucuronidase (GUS) reporter system, exhibits GUS staining in the 

leaf bases or nodes as well as in the midribs, marginal cells and apical cells of upper 

leaves (Ashton & Akister, unpublished data).  Furthermore, the application of the auxin 

efflux inhibitor, NPA, results in enhanced GUS staining in the midribs, margins and 

apical cells of leaves and in the basal regions of leaves near the shoot apex.  However, 

experimentation with the auxin-inducible GH3::GUS and DR5::GUS fusion genes 

produced GUS staining in the apex of Physcomitrella gametophores and never in the 

leaves except after treatment with NAA (Bierfreund et al., 2003).  Staining was evident 
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throughout the leaves of auxin-treated gametophores, however, indicating that exogenous 

auxin can be taken up by the leaves or can reach the leaves by diffusion or transport.  In 

an independent experiment, Fujita and colleagues (2008) found that neither auxin 

distribution in Physcomitrella gametophores nor shoot morphology was altered by the 

application of NPA, leading them to conclude that polar auxin transport was not involved 

in shoot development. 

Analysis of Physcomitrella genes involved in biosynthesis and transport of auxin 

may prove illuminating.  A search of a Physcomitrella EST database conducted prior to 

the sequencing of the moss genome revealed that homologues of known auxin-related 

transcription factors were present in Physcomitrella (Bierfreund et al., 2003).  In the 

present study, a search for homologues of vascular plant genes involved in auxin 

biosynthesis and polar auxin transport as well as auxin-inducible transcription factors 

resulted in identification of homologues for all of the genes except ARGOS. 

 Six YUC genes are present in the Physcomitrella genome but none is represented 

by an EST from the leafy shoot or mixed library.  However, four ESTs representing 

genes similar to AtCYP79B2 and AtCYP79B3 and three ESTs representing NIT1 

homologues were isolated from gametophores and mixed gametophytic tissue suggesting 

that auxin is synthesized in Physcomitrella leaves by a tryptophan-dependent pathway. 

Additionally, one PpIAMT gene is represented by five ESTs from the leafy shoot 

library.  In vitro, AtIAMT1 converts IAA to a methyl-IAA ester (D‟Auria et al., 2003; 

Zubieta et al., 2003).  Furthermore, in Arabidopsis, hypocotyl elongation in dark-grown 

seedlings is inhibited to a greater extent by the methyl-IAA ester than by IAA and iamt1-

D mutants exhibit hyponastic leaves (Qin et al., 2005).  Possibly, formation of IAA 
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methylesters contributes to increased ease of auxin movement and, therefore, elevation of 

auxin response in the Physcomitrella leaf. 

In Arabidopsis, ABP1 is required for both cell division and cell expansion in 

leaves (Braun et al., 2008).  The single homologue of ABP1 in Physcomitrella is 

represented by a single EST isolated from gametangia, suggesting that ABP1 may not be 

involved in leaf expansion in the moss.  However, since application of β-NAA results in 

the production of narrow leaf cells, auxin may inhibit a regulator, possibly a PpAN gene, 

or regulatory network that controls leaf cell expansion in the transverse direction.  

PpABP1 may function in this proposed pathway.  

Only one EST representing a PIN gene (PINB) is available from gametophore 

tissue.  However, eight ESTs representing other auxin efflux carriers were isolated from 

leafy shoots, suggesting that auxin transport may play a role in Physcomitrella leaf 

development. 

4.3.4 Effects of exogenous BAP 

 

The lower leaves of shoots treated with BAP/KOH frequently exhibited aberrant 

morphology as did the KOH controls.  Therefore, aberrations in the form of lower leaves 

were considered to result from the KOH.  None of the KOH control shoots exhibited the 

aberrant P1-P4 leaves that were seen in cultures that were treated with BAP dissolved in 

either water or KOH and, thus, the abnormalities were considered to result from the 

application of exogenous BAP. 

 The similarity in size of mature leaves from untreated shoots and gametophores 

exposed to exogenous cytokinin suggests that application of low concentrations of BAP 

for short periods of time does not affect mature leaves (Fig 47). 
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 The presence of more than four leaves that were similar to untreated P1 through P4 

leaves at the apices of some BAP-treated shoots suggests that initiation of new leaves 

continued after the application of BAP.  Since P3-like and P4-like BAP-treated leaves 

contained abnormally large numbers of cells, it appears that cells at the bases of leaves 

that were immature when BAP was applied did not expand but continued to divide.  

These leaves were probably arrested in the immature stages but became enlarged and 

misshapen due to the increased numbers of cells even though the cells remained small. 

One BAP-treated L11 leaf (See Fig. 45) that was chosen for close examination 

resembled untreated leaves in the P3 stage, although it was chronologically a P4 leaf.  

Comparison of this leaf with untreated P3, P4 and L11 leaves revealed that the treated leaf 

was larger than untreated P3 leaves (Table 4).  The length of the treated leaf was similar 

to that of untreated P4 leaves and the width was considerably greater.  Conversely, the 

treated leaf was only slightly more than half the length of untreated mature L11 leaves but 

was comparable in width.  The numbers of cells in the longitudinal (33) and transverse 

(49) directions in the BAP-treated leaf were greater than both the corresponding means 

(24 and 27 respectively) for six untreated L11 leaves and the predicted numbers of cells 

for L11 (25 and 26 respectively) according to the equations (10 and 11, respectively) fitted 

to the curves of numbers of cells plotted against leaf number in mature leaves. 

 Furthermore, using the allometric equation (13) relating the number of cells in the 

longitudinal direction to the number of cells in the transverse direction in mature leaves 

to calculate the expected number of cells in the longitudinal direction for an untreated 

leaf consisting of 49 cells across the widest part of the leaf results in an expected value of 

39 longitudinal cells.  This suggests that the application of exogenous cytokinin has not 
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only enhanced cell division in both the longitudinal and transverse directions but also has 

resulted in a differential increase favouring the transverse direction. 

 The untreated P3 leaf exhibited bulging teeth along much of the margin.  In 

contrast, the BAP-treated P3-like (P4) leaf exhibited bulging teeth at the apical end where 

the cells were expanded.  The marginal cells along the basal portion of the leaf where the 

cells were small and numerous protruded sharply, forming deep notches.  This suggests 

that the extent of irregularity of the leaf margin is related to expansion of the leaf in the 

leaf-width direction due to longitudinal cell divisions. 

 These data suggest that a cytokinin-induced increase in transverse cell divisions 

has compensated for the reduced cell expansion in the longitudinal direction, resulting in 

the attainment of a chronologically appropriate size.  In contrast, additional longitudinal 

cell divisions, stimulated by excess cytokinin, have contributed to expansion of the leaf to 

the mature size in the leaf-width direction although the leaf is chronologically immature. 

Cytokinin-treated leaves that resembled untreated P4 leaves were more expanded 

at the base than untreated P4 leaves (Fig. 50) but were not significantly greater in area 

(Table 5).  Cells could not be counted in all leaves but were counted in a small number of 

cytokinin-treated and untreated P4 leaves.  The mean numbers of cells in the longitudinal 

and transverse directions at the longest and widest parts of the leaf respectively were 

significantly greater (52% and 70% greater, respectively) in the BAP-treated leaves than 

in the untreated leaves.  Similarly, the mean total number of cells was significantly 

greater (nearly triple the number) in BAP-fed leaves than in untreated leaves.  However, 

the difference in mean cell surface area between the two groups was not significant. 
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The similarity of mature leaves from treated and untreated shoots and the 

similarity of the apical halves of P3 and P4 leaves suggests that low levels of exogenous 

cytokinin affect only segments that were cut off early from the apical cell and are 

dividing within the segment.  That is, only cells that are rapidly dividing respond to 

exogenous cytokinin. 

4.4 Examination of leaf morphology in strains of Physcomitrella that exhibit 

aberrant leaves 

4.4.1 Leaf morphology in the MM2-G 3-1 strain of Physcomitrella 

 Previous experiments showed that knocking down expression of the MIKC
C
 

MADS-box genes, PPM1, PPM2 and PpMADS1, resulted in the production of strains 

(MM1-A) that exhibited aberrations in leaf morphology including narrow leaf laminas, 

marginal eruptions, twisting of the leaves that was most pronounced near the leaf apex 

and rolling of the leaf margins (Singer et al., 2007).  In contrast, knocking out PPM1 or 

PPM2 singly resulted in the production of numerous strains (MM1-G and MM2-G 

strains, respectively) that appeared to be phenotypically normal.  However, a few strains  

exhibited phenotypes that were thought to resemble those of the knock-down strains.  The 

MM2-G 3-1 strain was reported to exhibit leaves that were narrower than those of the 

background strain, pabB4, and similar to those of partially desiccated pabB4 leaves. 

 Comparison of several size parameters of equivalent leaves from the MM2-G 3-1 

and pabB4 strains of Physcomitrella (Figs. 18,19,20) revealed that leaf length (Fig. 18a), 

leaf area (Fig. 18c), leaf index (Fig. 18d) and midrib length, relative to leaf length (Fig. 

19), were greater in MM2-G 3-1 leaves than in the control pabB4 leaves.  However, the 
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area of leaves in both strains was reduced compared to that of pabB4 from the larger 

dataset (See Fig. 8c). 

The laminal cells in MM2-G 3-1 leaves were considerably larger in MM2-G 3-1 

leaves than in the control pabB4 leaves (Fig. 20d).  Furthermore, the cells in the MM2-G 

3-1 leaves were larger than those in leaves comprising the large pabB4 dataset (See Fig. 

11c) while the control pabB4 leaf cells were considerably smaller than the average for 

pabB4. 

Marginal eruptions were not observed in the MM2-G 3-1 leaves measured in this 

study although MM2-G 3-1 leaves from older cultures exhibited this phenomenon.  

Similarly, severe twisting of the leaf apices, observed in leaves from older cultures, was 

not apparent in the leaves of the gametophores that were measured in this study.  Slight 

twisting was observed in some leaves as they were removed from the gametophores for 

this investigation but the leaves flattened upon placement of the cover slip, suggesting 

that biomechanical forces may have been responsible for the twisting rather than 

geometric malformation of the leaves. 

4.4.2 Leaf morphology in the MKN Triple 33-S strain 

The area of leaves from three gametophores of the MKN Triple 33-S strain was 

similar to that of leaves from two pabB4 control shoots (Fig. 21c).  The MKN Triple 33-S 

leaves were composed of a greater number of laminal cells than the control pabB4 leaves 

Fig. 23c) but the number of cells in the MKN Triple 33-S leaves was similar to that of the 

large set of pabB4 leaves (Fig. 10c). In contrast, mean laminal cell surface area was 

reduced in MKN Triple 33-S leaves compared with that in both the pabB4 controls (Fig. 

23d) and the larger pabB4 dataset (see Fig. 11c). 
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Two earlier studies found that development of Physcomitrella gametophores was 

not affected either in MKN Triple 33-S (Singer & Ashton, 2007) or in MKN2 MKN4 

MKN5 triple deletion mutants (Sakakibara et al., 2008).  Since two class 1 KNOX genes 

and one class 2 KNOX gene are knocked out in the MKN Triple 33-S strain, it is unclear 

whether class 1, class 2 or a combination of genes from the two classes is involved in leaf 

cell size.  Examination of leaves from a larger number of MKN Triple 33-S gametophores 

is required to confirm the results of the present study.  Furthermore, comparison of the 

leaf cell size in MKN Triple 33-S and the triple class 1 deletion mutants is required to 

clarify functions of KNOX genes in Physcomitrella leaf development. 

4.4.3 Lack of conservation of leaf size and laminal cell size 

Leaf shapes in the 62550 strain of Physcomitrella differed in varying degrees 

from the normal pabB4 shape (Fig. 24).  The 62550 leaves were shorter than equivalent 

pabB4 leaves (Fig. 24a) but similar in width (Fig. 24b).  The number and mean surface 

area of laminal cells were reduced in the 62550 leaves relative to those of pabB4 (Fig. 

26). 

Although leaves from gametophores of the 55284 strain had fewer cells in the 

longitudinal direction (Fig. 30a), the cells along the midline were more than 150% longer 

(Fig. 31a), resulting in longer leaves than in pabB4.  Similarly, there were fewer, wider 

cells (Figs. 30b, 31b, respectively) in the transverse direction in 55284 leaves than in 

pabB4 leaves and the leaf width (Fig. 28b) was similar in the two strains, suggesting that 

increased cell expansion in the transverse direction balanced the reduction in the number 

of cells.  Overall, leaves from 55284 shoots were larger in area than pabB4 leaves (Fgi. 
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28c) but the 55284 leaves were composed of fewer cells (Fig. 30c) that were more than 

twice as great in surface area (Fig. 31c). 

Although leaves from the 55284 strain and the 62550 strain were longer and 

shorter, respectively, than pabB4 leaves, leaves from all three strains were similar in 

width.  This suggests that leaf width may be more tightly controlled than leaf length. 

Young leaves from shoots treated with β-NAA were longer than equivalent, 

untreated leaves. The laminal cells in leaves treated with β-NAA were longer and 

narrower than but similar in area to laminal cells in untreated leaves.  In addition to 

contributing to cell expansion in the longitudinal direction, β-NAA appears to have 

inhibited both cell division and cell expansion in the transverse direction.  In 55284 

leaves, laminal cells were abnormally expanded in both the leaf-length and leaf-width 

directions suggesting that a regulatory pathway other than or in addition to the 

auxin/cytokinin interaction was responsible for the unusual cell expansion in the 55284 

strain. 

4.5 Model of leaf development in Physcomitrella 

A model that explains how cell division and cell expansion contribute to final leaf 

size and shape is presented here as a series of individual steps.  These are consistent with 

and extend the interpretation of leaf development in Physcomitrella by Harrison and 

colleagues (2009). 

1) A leaf apical cell with two cutting faces is cleaved from the shoot apical cell. 

2) The leaf apical cell grows and cleaves daughter cells alternately from its two 

cutting faces.  The number of such divisions is limited and small. 
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3) The daughter cells that are cut off from the leaf apical cell divide 

longitudinally and transversely.  Repeated transverse divisions result in 

longitudinal files of cells.   

4) Cells nearer the leaf base divide more times than cells nearer the apex. 

5) Cessation of cell division proceeds basipetally as a wave initiated at the leaf 

apex. 

6) Most of the cell divisions forming a given leaf occur as that leaf progresses 

from being P1 to becoming P4. 

7) The leaf apical cell of each successive leaf cleaves off a few (probably two) 

additional daughter segments and divisions within those, and possibly other, 

segments contribute approximately 43 additional cells to the leaf.  Expansion 

of those additional cells, along with a slight increase in mean surface area of 

all leaf cells, contributes an increase in leaf area of approximately 0.08 mm
2
 to 

each successive leaf in the heteroblastic series.  

8) Once cells have stopped dividing, they become unresponsive to exogenous 

cytokinin.  Contrastingly, dividing cells divide more often in the presence than 

in the absence of exogenous cytokinin, typically resulting in leaves treated 

with exogenous cytokinin that are broader at their base. 

9) Auxin accumulates in the leaf base and stimulates cell expansion, the extent of 

which decreases acropetally. 

10) Exogenous auxin inhibits longitudinal cell divisions (possibly by antagonizing 

endogenous cytokinin), thereby decreasing the number of longitudinal files of 
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cells (and resulting in narrower leaves).  Cells nearer to the leaf apex elongate 

more in the presence than in the absence of exogenous auxin. 

11) The greatest cell expansion in a given leaf occurs at its basal end as that leaf 

progresses through P5 to P6.  However, the earliest cell expansion (albeit more 

modest than that which ultimately occurs at the leaf base) happens at the leaf 

apex after the apical cells have stopped dividing.  Cell expansion at the leaf 

apex (unlike that at the leaf base) may be auxin-independent. 

12) Cells in the middle portion of the leaf may continue to divide longitudinally a 

few times, further broadening the leaf at a point approximately half the 

distance from the base to the apex of the leaf. 

13) Little is known about midrib formation in Physcomitrella.  I propose the 

following hypothesis.  Early in leaf morphogenesis, probably during P2, 

periclinal division of one or more laminal cells or files of laminal cells along 

the longitudinal midline of the leaf results in the formation of a narrow, band 

that is two cell layers thick.  Further division of these cells results in the 

formation of an approximately cylindrical structure within which cells 

differentiate.  Cell expansion results in the formation of the long, narrow cells 

of the midrib. 

4.6 Physcomitrella homologues of tracheophyte leaf developmental genes 

Physcomitrella homologues of approximately 120 vascular plant genes involved 

in leaf morphogenesis were investigated to provide a more detailed picture of the 

potential moss leaf morphogenetic toolkit than is currently available in the literature (see 

Floyd & Bowman, 2006).  The similarity of the putative protein products of 

Physcomitrella homologues to the corresponding Arabidopsis proteins was estimated by 
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calculating the percentage of identical amino acid residues and >25% identity was 

considered to predict structural similarity, and therefore possible functional similarity, of 

the putative proteins.  The proportions of total ESTs that were isolated from the leafy 

shoot and mixed libraries were calculated for individual genes and gene functional 

categories and compared with the proportions of all ESTs available in Unigene that were 

from the leafy shoot library (14%) and the mixed gametophytic tissue library (5%).  

Genes that were represented by high absolute numbers of ESTs or higher proportions of 

ESTs from the aforementioned two libraries were predicted to be important in leaf 

development. 

4.6.1. Sequence similarity of tracheophyte leaf developmental proteins and their 

homologues in Physcomitrella 

 The mean percentage identity was found for the best hits in each of 13 functional 

categories and the average of these means was calculated (49%).  This number is near the 

low ends of the ranges of samples of transcription factors investigated by Floyd and 

colleagues (2006).  For example, a sample of land plant class 1 KNOX proteins ranged 

from 26%-76% identity for pairwise alignments, with a mean of 40%.  The three class 1 

KNOX protein sequences from Physcomitrella were 24%-31% identical to ZmKN1. 

 The protein sequence of an HD-ZIPIII transcription factor from Chara is 41% 

identical to land plant sequences (Floyd et al., 2006).  In this study, the amino acid 

sequences of HD-ZIPIII predicted proteins in Physcomitrella were 55% - 57% identical 

to that of AtREV.  Protein sequences of HD-ZIPI and HD-ZIPII genes from 

Physcomitrella were less similar (13% - 33% and 17% - 32% respectively) to their 
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homologues in vascular plants.   Physcomitrella HD-ZIPIV sequences were 18% -61% 

identical to their closest homologue in Arabidopsis. 

4.6.2. Regulation of leaf expansion 

 TRN2 encodes a membrane-spanning protein that is expressed in the SAM and in 

leaf primordia.  Acting in the same pathway as TRN1, TRN2 functions in leaf expansion 

and vascularization (Cnops et al., 2006).  Reduction of cell numbers in trn mutants 

results in the production of narrow, asymmetric leaves.  Vascular networks in the leaf are 

simplified and incomplete. 

Of the four TRN2 homologues in the Physcomitrella genome, all are 41% to 42% 

identical to AtTRN2 at the protein level.  Furthermore, Cysteine residues that are 

conserved in the Arabidopsis tetraspanin sequences are present in the Physcomitrella 

homologues (Fig. 69).  Two Physcomitrella tetraspanin genes are represented by 35 ESTs 

(out of 78 ESTs) and 13 ESTs (out of 25 ESTs) from the leafy shoot and mixed libraries, 

suggesting that tetraspanin genes are important in moss gametophore development. 

 TPS1 and TPS6 are involved in leaf development in Arabidopsis.  TPS1, the first 

enzyme in the trehalose biosynthetic pathway, regulates the size of rosette leaves (Dijken 

et al., 2004) and TPS6 is involved in marginal serration and the shape of pavement cells 

in leaves (Chary et al., 2008).  Six TPS homologues are present in the Physcomitrella  
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PpEBTRN2c       MGCSNGLTGFLNLLTFLLSLPIIALGAYLAKTHDSTCMRFLQYPIIVIGVFMLLMSLAGM 60 

PpEBTRN2d       MGCSNYLTGFLNLATLVLSIPIIVFGVWLSKTQDTVCVRFLQYPIIAIGVFILLMSLAGM 60 

PpEBTRN2a       MGCSNVVTGVVNFLMLMLLLPIIGFGVWLAKKHDSECVRFLQWPVIVLGMFVLVVSMAGL 60 

PpEBTRN2b       MAFSNVVMIVLNFLSMILSLPIIAFGVWLAKKGDTECVRFLQWPIIVLGVFVLVLSLSGL 60 

AtTRN2          MPLSNNVIGCINFITVLLSIPVIGAGIWLAIGTVNSCVKLLQWPVIILGVLILLVGLAGF 60 

                *  ** :   :*:  .:* :*:*  * :*:    . *:::**:*:* :*:::*::.::*: 

 

PpEBTRN2c       IGAWCDKKFLLLIYLFFMFILIVLLFCFTIFAFVVTNSGAGSAVSGKGYKEYRLGDYSNW 120 

PpEBTRN2d       IGAFCDKKILLLLYLIVMFLLIVLLFCFTVFAFVVTHSGAGNVVSGKGYKEYRLGDYSNW 120 

PpEBTRN2a       FGSWCGNRPLMWTYLFVMFVLIFLLFVLTLLAFVVTNSGAGRVVSGKGFKEYKLGDYSNW 120 

PpEBTRN2b       IGSWCGNRVLMYSYLFIMFLLILLLFVFTIFAFVVTNSGAGKTVSGKGYKEYRLGDYSNW 120 

AtTRN2          IGGFWRITWLLVVYLIAMLILIVLLGCLVGFIYMVTIRGSGHPEPSRAYLEYSLQDFSGW 120 

                :*.:     *:  **: *::**.**  :. : ::**  *:*   ..:.: ** * *:*.* 

 

PpEBTRN2c       LQKRVDNPSTWEKIRSCIQDSKVCSDLGKKYTTETDFNKASLTPLESGCCKPPTACGYKF 180 

PpEBTRN2d       LQRKVNDTAYWSKIESCIADSKVCNNLATKYTSVDAFNKAALTPLESGCCKPPSDCNFIF 180 

PpEBTRN2a       LQKRVDNPLYWSKIKSCLADGQVCSDLS-QYATADVFNNASLTPVESGCCKPKSDCGYTF 179 

PpEBTRN2b       LQKRVDNPKYWSKIKSCLVDGKVCSDLT-KYTSAASFSKAPLTPLESGCCKPPTECGFTF 179 

AtTRN2          LRRRVQRSYKWERIRTCLSTTTICPELNQRYTLAQDFFNAHLDPIQSGCCKPPTKCGFTF 180 

                *:::*: .  *.:*.:*:    :* :*  :*:    * :* * *::****** : *.: * 

 

PpEBTRN2c       VT-PIEWTGTN-STA-DADCGTWKNTPQEWCLGCNSCRAGVLQNVKSNWRRVAIGNIIVL 237 

PpEBTRN2d       GKNATDWVGTG-SAAPDTDCRSWN--SQDLCLKCNACKAGVLQNVKSNWRRVAIVNIIVL 237 

PpEBTRN2a       QN-ATTWLGNS-SGSANADCRAWSNTQTQLCFDCNSCRAGVLQNVKSNWRRVAVVNIIVL 237 

PpEBTRN2b       DN-ATTWVGKPPSTVSNIDCGQWSNIQTKLCFDCSTCRAGVLQNVKSNWRRVAVVNIIVL 238 

AtTRN2          VN-PTYWISPI-DMSADMDCLNWSNDQNTLCYTCDSCKAGLLANIKVDWLKADIFLLLAL 238 

                 . .  * .   .   : **  *.      *  *.:*:**:* *:* :* :. :  ::.* 

 

PpEBTRN2c       VFLVIVYSCGCCAYRNNKR------YDKGYA 262 

PpEBTRN2d       VILIFVYSCGCCAYRNPERV----GYRKSYA 264 

PpEBTRN2a       VFIIFVYSCGCCALKSSKREQDNFKYRYGYA 268 

PpEBTRN2b       VFIIFVYSCGCCALKASRRERANHKYRYGYA 269 

AtTRN2          IGLIIVYIIGCCAFRNAETEDIFRKYKQGYT 269 

                : :::**  **** :  .       *  .*: 

 

Fig. 69 Alignment of AtTRN2 and its Physcomitrella homologues 

Four Physcomitrella homologues are aligned with TNR2/TET1 from Arabidopsis.  Cys residues 

that are conserved in the Arabidopsis tetraspanin proteins are highlighted in yellow. 
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genome.  One Physcomitrella sequence is 56% identical to TPS1.  It is encoded by a gene 

that is represented by two ESTs from the leafy shoot library out of a total of 18 ESTs, 

suggesting a possible role in moss leaf development. 

4.6.3 Regulation of cell proliferation and cell expansion in leaves 

Cell proliferation and cell expansion both contribute to final leaf size.  

Arabidopsis mutants such as dwf1 and clf exhibit small leaves composed of fewer, 

smaller cells than wild type (Kim et al., 1998; Nakaya et al., 2002; Tsukaya et al., 

2002b).  Leaves of two other Arabidopsis mutants, pfl2 and an3, contain fewer leaf cells 

than wild type but the cells in pfl2 leaves are greater in volume than in wild type while 

the cells of an3 leaves are equal in volume to those of wild type leaves (Ito et al., 2000; 

Tsukaya et al., 2002b). 

The dwf1 mutant in Arabidopsis is defective in biosynthesis of BRs (Kauschmann 

et al., 1996), which are required for cell elongation (Azpiroz et al., 1998). The leaves of 

the Arabidopsis dwf1-1 mutant are round due to a reduction in leaf length but not in leaf 

width and the petioles are reduced in length (Choe et al., 1999).  Two Physcomitrella 

homologues of AtDWF1 are highly similar (73% and 74% identity of the virtually 

translated sequences) to the Arabidopsis sequence.  Possibly, only one PpDWF1 gene is 

expressed since no EST representing the other was found in Unigene or NCBI.  The 

expressed gene is represented by 125 ESTs of which 28 are from the leafy shoot library 

and 7 are from mixed protonema and gametophores. 

Three ESTs, including one from the mixed protonema-leafy shoot library, 

representing PpCLF were found in Unigene.  The translated sequences of three 

Physcomitrella homologues of AtPFL2 are 85% identical to AtPFL2 and the three 
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AtPFL2 genes are represented by a total of 165 ESTs of which one is from the leafy shoot 

library and six are from the mixed library. 

The EBP1 protein, which is stabilized by auxin, contributes to cell proliferation 

and cell expansion in Arabidopsis leaves by regulating RIBONUCLEOTIDE 

REDUCTASE2, Cyclin D3;1 and CDKB1:1 (Horváth et al., 2006).  Since the three 

Physcomitrella EBP1 homologues are 68% - 75% identical to AtEBP1 and 12 of the 49 

ESTs representing the moss genes are from the leafy shoot and mixed libraries (Table 6), 

the PpEBP1 genes may be involved in cell proliferation and cell expansion in 

Physcomitrella leaves. 

In Arabidopsis, CycD3 appears to be required for the G1/S transition (Riou-

Khamlichi et al., 1999).  The two homologues that are present in the Physcomitrella 

genome are 32% and 30% identical to AtCycD3 and are represented by a total of 17 

ESTs, of which one is from the leafy shoot library. 

Leaf size in Arabidopsis is governed in part by the mutually antagonistic, auxin-

inducible genes ARGOS and ARF2, which regulate ANT to promote and repress cell 

divisions respectively (Hu et al., 2003).  The protein sequence corresponding to one 

Physcomitrella gene model was 25% identical to ARF2.  Five ESTs, including one from 

each of the leafy shoot and mixed gametophytic libraries, provided evidence for 

transcription of the gene.  However, no homologue of ARGOS was found in the 

Physcomitrella genome and neither of the two closest ANT homologues was supported by 

EST evidence.  These data suggest that the ARGOS-ARF2-ANT pathway may not be an 

important regulator of cell proliferation in Physcomitrella leaves. 
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The ER gene family acts in a different pathway from ARGOS-ARF2-ANT to 

regulate cell proliferation (Shpak et al., 2004).  The six ERL genes in the Physcomitrella 

genome are represented by two ESTs in the publicly available databases, of which one is 

from a leafy shoot library.  This suggests that ERL genes may not play significant roles in 

cell proliferation in moss leaves. 

These data suggest that cell proliferation in Physcomitrella leaves may be 

regulated in ways that are similar to the regulation of cell proliferation in angiosperms 

except that the ARGOS and ERL pathways may not be involved. 

4.6.4 Regulation of cell expansion 

In Arabidopsis, cell expansion is regulated in the leaf-length and leaf-width 

directions by ROT3 and AN respectively (Tsukaya et al., 1994; Tsuge et al., 1996).  

Leaves of rot3 mutants exhibit defective cell expansion in the leaf-length direction, 

possibly because ROT3 regulates steroid biosynthesis (Tsuge et al., 1996).  Gain-of-

function ROT3 mutants, on the other hand, exhibit elongated leaf blades and petioles 

(Kim et al., 1999).  In contrast, leaves of an mutants are narrow due to reduced cell 

expansion in the leaf-width direction (Tsukaya et al., 1994; Tsuge et al., 1996) that may 

result from altered arrangement of cortical microtubules (Kim et al., 2002). 

Homologues of ROT3 and AN are present in the Physcomitrella genome (Table 

6).  One Physcomitrella homologue of ROT3 is represented by 22 ESTs of which 11 are 

from the leafy shoot library and its virtually translated sequence is 30% identical to 

ROT3.  The translated sequences of the four AN homologues in Physcomitrella are 36-

49% identical to AN.  Of the nineteen ESTs representing the PpAN genes, one EST and 

three ESTs representing PpAN1-1 and PpAN2-1 respectively were isolated from 



258 

 

gametophores.  Thus, regulation of polar expansion of leaf cells may be similar in 

Physcomitrella and Arabidopsis.  However, expression of PpAN genes in leaves appears 

to be low. 

4.6.5 Cell Wall remodelling during cell expansion 

Regulation of cell expansion primarily involves control of the key processes of 

cell wall loosening and cell wall synthesis (Tsukaya & Beemster, 2006). 

Members of the EXPA and EXPB families of expansin genes, which encode 

proteins that function in cell wall loosening, are similar in number in Physcomitrella and 

Arabidopsis (Carey & Cosgrove, 2007).  Sequence motifs that are conserved in 

angiosperm EXPA genes are also conserved in Physcomitrella but this is not the case for 

EXPB genes, suggesting that functions of EXPA genes, but possibly not EXPB genes, are 

similar in angiosperms and the moss. 

In Arabidopsis and rice, XTH genes appear to function in cell wall remodelling 

and the numerous XTH genes are subject to differential spatiotemporal control 

(Yokoyama et al., 2004 and references therein).  The XTH signature motif, 

DEIDFEFLG, which contains residues important for catalytic activity (Campbell & 

Braam, 1998), is conserved in all members of the rice XTH family (Yokoyama et al., 

2004).  OsXTH19 is expressed predominantly in the basal portion of leaves and its 

expression level is correlated with the rate of blade elongation, suggesting that OsXTH19 

is involved in leaf cell expansion. 

In the four Physcomitrella XTH sequences examined (see Sandt et al., 2007 for 

an analysis of two of them), the consensus motif is [Y,C]E[L,Y]DMEFLG, which is 

conserved at all positions that are perfectly conserved in the rice XTH signature 
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sequence, including the -E-D-E--- residues that are required for catalytic activity (Sandt 

et al., 2007).  All four genes also contain a N-glycosylation site immediately downstream 

from the signature motif, conserved amino acid residues that may be involved in 

structural stability and substrate recognition.  

XYLOGLUCAN ENDOTRANSGLYCOSYLASE (XET) activity (of XTH 

proteins) was demonstrated in vitro in several bryophytes and, in acrocarpous moss 

gametophores, was localized just below the shoot apex (Sandt et al., 2007).  Fifteen ESTs 

of the thirty-four ESTs that represent three of the four Physcomitrella XTH genes 

analyzed were isolated from leafy shoots, and the translated sequences are 39% identical 

to AtXTH9, suggesting that at least three XTH genes function in leaf cell expansion in 

Physcomitrella. 

4.6.6 Midrib development 

In Arabidopsis, CVP1 and CVP2 function in patterning of procambial and 

vascular tissue in cotyledons, leaves and stems.  cvp1 mutants exhibit defects in the polar 

elongation and axialization of vascular cells and cvp2 mutants fail to form closed 

vascular loops in cotyledons and leaves (Carland et al., 1999).  cvp1 mutants resemble 

mp mutants except that cvp1 root development is normal and cvp2 mutants do not 

establish proper venation patterns, a process that requires polar auxin flow.  CVP1 

encodes STEROL METHYLTRANSFERASE2, an enzyme that functions in the 

biosynthesis of sterols (Carland et al., 2002), and CVP2 may function in auxin signalling. 

CVP1 homologues in Physcomitrella are highly similar (68% - 69% identical) to 

the Arabidopsis protein and the genes are represented by ESTs isolated from 

gametophores or mixed gametophytic tissue.  CVP2 homologues are 34% to 36% 
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identical to AtCVP2 and three of the genes are represented by ESTs from leafy shoots.  

Therefore, CVP1 and CVP2 homologues may function in midrib development in 

Physcomitrella, possibly through pathways that involve auxin. 

4.6.7 Development of a flattened lamina 

In the multicellular leaf primordium of vascular plants, HD-ZIPIII genes 

expressed in the adaxial domain are responsible for outgrowth of the lamina and the 

abaxial domain contributes only to vascular development in the leaf.  Juxtaposition of the 

adaxial and abaxial domains may be required for expansion of a flattened leaf lamina 

(Waites & Hudson 1995).  In Physcomitrella the leaf grows from a single apical cell and 

outgrowth of the lamina clearly does not require juxtaposition of cells having adaxial and 

abaxial fates.  However, cell divisions and cell expansion must be coordinated throughout 

the moss leaf to maintain flattening and control overall leaf form. 

CLF, a polycomb group gene, and FIE are repressors of the class C MADS-box 

gene, AGAMOUS, and are involved in leaf flattening.  The clf mutant exhibits a curly leaf 

phenotype.  A similar phenotype results from alteration of auxin levels due to 

overexpression of SPL, which is thought to be regulated by AGAMOUS.  Curly leaves are 

also characteristic of axr1, arf7/nph4, aux/iaa3, aux/iaa12, aux/iaa17, iamt1, rooty, sur1 

and yucca mutants, in all of which expression of genes involved in auxin homeostasis, 

signalling or metabolism have been altered.  Undulations along the margins of cin 

mutants in Antirrhinum, are due to excessive growth, suggesting that CIN action on the 

cell cycle arrest front influences leaf flattening (Nath et al., 2003; Crawford et al., 2004). 

Among the closest Physcomitrella homologues of CLF, FIE and SPL, one FIE 

homologue is represented by a single EST from the mixed library and, consequently, 
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pathways involving CLF, FIE and SPL may not be important in leaf flattening in 

Physcomitrella.  No close homologue of CIN was found in the Physcomitrella genome. 

 Spiralling of leaves was observed in MIKC
C
 MADS-box knockout strains of 

Physcomitrella (Singer et al., 2007).  In this study, an attempt was made to determine 

whether spiralling was due to asymmetric cell numbers or asymmetric cell expansion on 

either side of the longitudinal midline of the leaf.  No unusual degree of asymmetry was 

observed in young leaves in which spiralling was minimal and attempts to cut and 

measure tightly spiralled tips of older leaves were not successful (data not shown). 

 One leaf from a culture exposed to exogenous auxin exhibited a cup-shaped 

protuberance (Fig. 32), an aberration that was observed occasionally in older cultures of 

pabB4.  Similar cup-shaped and finger-like protrusions from leaves were noted in a large 

number of mutants in the Freiburg collection (Egener et al., 2002).  It is possible that this 

type of formation is a more common manifestation of improper regulation of expansion 

in different parts of the leaf than curling or waviness in Physcomitrella.  Whether the 

aberration is due to defects in auxin signalling requires further investigation. 

4.6.8 KNOX genes 

The Physcomitrella KNOX genes form moss-specific clades within the larger 

class 1 and class 2 clades (Fig. 60), suggesting that duplication of one ancestral gene 

from each clade occurred within the bryophyte lineage. 

The locations and orientations of pairs of ECR1, CaLB and DET1 genes upstream 

of the MKN2, MKN4 and MKN5 suggest that the class 1 KNOX genes were copied in two 

segmental duplication events.  The Ks values of pairs of class 1 KNOX genes (Table 11) 

suggest that the more recent duplication, which gave rise to MKN4 and MKN5, occurred 
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during the polyploidization event proposed by Rensing and colleagues (2007).  The high 

Ks value for MKN1-3 and MKN6 suggests that an ancestral class 2 KNOX gene was 

duplicated prior to the polyploidization event. 

 The mutually antagonistic class 1 KNOX genes and ARP genes function to 

maintain meristematic activity in the SAM and promote determinacy in the leaves 

respectively in Arabidopsis.  Expression of class 1 KNOX genes has been reported to be 

lacking in Physcomitrella gametophytes (Singer & Ashton, 2007; Sakakibara et al., 2008) 

and no EST representing class 1 KNOX genes is present in Unigene.  Additionally, 

transgenic strains of Physcomitrella in which the class 2 gene, MKN1-3, and the class 1 

genes, MKN2 and MKN4, had been knocked out singly, doubly and triply, were reported 

to have a gametophytic phenotype indistinguishable from that of the background strain 

(Singer & Ashton, 2007).  In an independent study, the three class 1 KNOX genes were 

knocked out singly (each gene), doubly (mkn2 mkn4, mkn5 mkn4) and triply, with no 

phenotypic deviation from wild type observed in the gametophytic generation 

(Sakakibara et al., 2008).  

Nevertheless, the leaves of MKN Triple 33-S were examined to determine 

whether any features of leaf morphology were subtly different from those of the 

background pabB4 strain.  The laminal cells in the leaves of the MKN Triple 33-S 

knockout strain (Singer and Ashton, 2007) were found to be smaller than the leaf cells in 

the background pabB4 strain, suggesting that the class 2 gene, MKN1-3, may be involved 

in leaf development in Physcomitrella. 
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Table 11 Ks values for pairs of KNOX genes in Physcomitrella 

The value that is within the range corresponding to the polyploidization period that 

Rensing and colleagues (2007) hypothesized is highlighted. 

 

 MKN1-3 MKN2 MKN4 

MKN6 4.0287   

MKN4  1.5259  

MKN5  1.2238 0.9551 
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No close homologue of the ARP gene, AtAS1, was found in the Physcomitrella 

genome confirming an earlier finding by Floyd and Bowman (2007).  Therefore, the 

KNOX-ARP interaction that functions similarly in many angiosperms as well as in 

Selaginella kraussiana (Harrison et al., 2005) does not appear to have been co-opted in 

the bryophyte lineage.  This is not surprising since, as mentioned earlier, the 

Physcomitrella leaf apical cell is cleaved from the single apical cell of the stem (Harrison 

et al., 2009) and, thus, concurrent maintenance of a pool of stem cells in the SAM and 

specification of leaf primordial cells with determinate fate is not required in 

Physcomitrella as it is in many tracheophytes. 

4.6.9 WUS and CLV homologues 

Three WOX genes are present in the Physcomitrella genome.  The Physcomitrella 

WOX protein sequences are only 10% to 16% identical to WUS (Table 6) and the 

canonical WUS box, which is essential for WUS function in Arabidopsis (Ikeda et al., 

2009), is not present in two of the Physcomitrella genes (data not shown).  In 

independent phylogenetic analyses, Haecker and colleagues (2003), Mukherjee and 

colleagues (2009) and Graaff and colleagues (2009) found that all three Physcomitrella 

WOX genes cluster with AtWOX10, AtWOX13 and AtWOX14 (PALE2) in an ancient 

clade that is separate from the WUS clade.  WOX13 and WOX14 appear to prevent 

premature differentiation of cells while WOX10 may be a pseudogene since no EST 

representing WOX10 is available and RT-PCR experiments failed to detect expression of  

WOX10 in Arabidopsis seedlings (Deveaux et al., 2008). 

Of the 26 ESTs representing Physcomitrella WOX genes, 5 ESTs were isolated 

from gametophores, suggesting that WOX genes may perform an unknown function in 
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leafy shoot development in the moss.  However, although the Physcomitrella homologues 

of CLV genes are similar to the Arabidopsis genes, none of the ESTs in Unigene that 

represent the Physcomitrella genes was isolated from leafy shoot or mixed gametophytic 

tissue. 

These data suggest that interaction between WUS and CLV genes was an 

innovation of vascular plants.  Since the Physcomitrella gametophore grows from a 

single apical cell (Harrison et al., 2009), it is not surprising that the WUS-CLV interaction 

does not appear to function in Physcomitrella leaf development. 

4.6.10 MADS-box genes 

In plants, MADS-box genes are important regulators of both vegetative and 

reproductive growth, affecting leaf and root morphogenesis, timing of inflorescence, 

pollen development, floral organogenesis and fruit development.  MADS-box genes are 

best known for their roles in floral development but the Arabidopsis FRUITFULL (FUL) 

gene has been implicated in leaf development (Gu et al., 1998).  ful mutants exhibit broad 

cauline leaves with fewer internal cell layers than in wild type.  Additionally, the siliques 

lack stomata and exhibit incompletely formed valves.  These data suggest that FUL 

regulates cell differentiation and cell expansion.  Other MADS-box genes are expressed 

in leaves in Arabidopsis (Ma et al., 1991; Huang et al., 1995; Rounsley et al., 1995) and 

the fern, Ceratopteris richardii (Hasebe et al., 1998).  Additionally, one leaf-specific 

MADS-box gene in Gerbera has been reported (Laitinen et al., 2005). 

The six MIKC
C
 genes in Physcomitrella form a clade that is separate from all 

other clades of MIKC
C
 genes in a multi-taxon plant MADS-box gene tree (Fig. 53) 

suggesting that expansion of the subfamily from a single ancestral gene occurred after 
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divergence of the mosses from the vascular plants.  Furthermore, there is evidence that 

duplications of MIKC
C 

MADS-box genes occurred during the ancient polyploidization 

event proposed by Rensing and colleagues (2007, 2008) and more recently.  Both 

phylogenetic (Fig. 53) and architectural (Fig. 54) analyses support close evolutionary 

relationships among PPM1, PPM2 and PpMADS1 in one clade and PpMADS-S, PPMC5 

and PPMC6 in a second clade. 

The MIKC
C
 genes, PpMADS1, PpMADS-S, PPMC5 and PPMC6, and the MIKC* 

genes, PPM3 and PPM6, are represented by ESTs from Physcomitrella gametophores.  

Furthermore, some strains in which expression of the three genes in the PPM1 clade had 

been knocked down exhibited aberrant leaf morphology including a narrowed leaf 

lamina, absence of a midrib, spiralling of the leaves (particularly at the apices), curling at 

the margins and the presence of multicellular eruptions at the margins, providing 

evidence for MADS-box functions in leaf development (Singer et al., 2007). 

The majority of strains in which one or two of PPM1, PPM2 and PpMADS1 had 

been knocked out did not exhibit phenotypic differences from the background strain but 

there were a few exceptions including MM2-G 3-1, which was reported to exhibit narrow 

leaves (Singer et al., 2007).  It was thought possible that this aberration may have been 

due to illegitimate knock-out of a closely related gene.  However, PCR amplification of 

overlapping fragments representing the entire coding sequences of all three genes of the 

PpMADS-S clade (see Fig. 58) suggests that the genes are intact in MM2-G 3-1. 

4.6.11 AS2 

AS2 is involved in repression of class 1 KNOX genes, formation of a symmetric 

lamina, leaf flattening and development of leaf venation (Iwakawa et al., 2002; Lin et al., 
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2003).  The protein sequences of the two closest homologues of AS2 in the 

Physcomitrella genome are highly similar to AS2 and are identical to each other at 

108/112 positions (not shown).  The Physcomitrella genes are approximately 130 kb 

apart on scaffold_170 (not shown).  The best hit by a tblastn search of TAIR, using either 

Physcomitrella sequence as query, was LBD25, which is expressed in rosette leaves and 

cauline leaves as well as in seedlings, stems, roots, floral buds and flowers (Shuai et al., 

2002).  The two Physcomitrella genes do not appear to exhibit similar broad expression 

patterns since one gene is represented by two ESTs, both from leafy shoots, and no EST 

evidence is available for the other gene.  Therefore, although at least one of the 

Physcomitrella homologues of AS2 may be involved in leaf development, the functions 

of the gene may differ from those of AS2. 

4.6.12 HD-ZIP genes 

The HD-ZIP family is relatively large in Physcomitrella.  Chromosomal linkages 

of highly similar genes suggest that duplication of HD-ZIP genes has occurred in the 

lineage leading to Physcomitrella.  Two sets of genes, located in tandem arrays on 

scaffolds 31 (EBsca_31b and EBsca_31c) and 42 (PPHB4 and sca_42), encode protein 

sequences that are identical at 154/160 positions.  Additionally, a divergent sequence, 

EBsca_31d, of which the homeobox is nevertheless similar to that of the four 

aforementioned HD-ZIPII genes, is adjacent to EBsca_31c with only 142 bp of 

intervening DNA.  These data suggest that the five genes may have resulted from one of 

the recent bursts of transposon activity in the Physcomitrella genome postulated by 

Rensing and coworkers (2008). 
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4.6.13 Prominent roles for HD-ZIP genes 

HD-ZIP genes are plant transcription factors that act as transcriptional activators 

and transcriptional repressors.  In Arabidopsis, three HD-ZIPI genes, AtHB1 (Aoyama et 

al., 1995), AtHB13 (Hanson et al., 2001) and AtHB16 (Wang et al., 2003) and the HD-

ZIPII gene, AtHB2, have been implicated in the development of cotyledons and leaves.  C 

HD-ZIPIII genes are well known for their roles in SAM development, specification of the  

adaxial domain in lateral organs and vascular development.  The functions of HD-ZIPIV 

genes in Arabidopsis are poorly understood.  Some of the 16 HD-ZIPIV genes are 

expressed in the SAM and developing leaves but most transgenic plants with mutations in 

HD-ZIPIV genes do not exhibit altered leaf phenotypes (Nakamura et al., 2006).  

Exceptions are the hdg11 mutant which exhibits enhanced trichome branching and two 

double mutants, hdg3 atml1 and hdg3 pdf2, which are defective in cotyledon 

development. 

Many of the HD-ZIP genes in Physcomitrella are similar to those in Arabidopsis 

along most of the length of the coding sequence, suggesting that moss and tracheophyte 

homologues may perform similar functions.  Additionally, Physcomitrella HD-ZIP genes 

are well represented by ESTs from leafy shoots (Fig. 71).  As noted earlier, 14% and 5% 

of the Physcomitrella EST sequences in Unigene are from the leafy shoot and mixed 

gametophytic tissue libraries respectively.  However, 43% and 3% of the ESTs (34% and 

4% of the EST reads) representing HD-ZIP genes in Physcomitrella were isolated from 

the leafy shoot and mixed libraries respectively. The HD-ZIPI genes and the HD-ZIPII 

genes are particularly well-represented by ESTs from the leafy shoot library, which 

comprise 41% and 62% of all ESTs (33% and 51% of EST reads) representing each class 
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respectively.  The apparent high expression levels of several HD-ZIPI genes and HD-

ZIPII genes in gametophores suggest that these classes of genes play significant roles in 

regulation of leaf development. 

The percentages of ESTs from leafy shoots are lower for HD-ZIPIII genes and 

HD-ZIPIV genes, comprising 29% and 13% of ESTs (20% and 13% of EST sequences), 

respectively. Nevertheless, HD-ZIPIII genes are predicted to function in leaf 

development in Physcomitrella.  Since only 1 of the 8 ESTs representing the four HD-

ZIPIV genes in Physcomitrella is from gametophore tissue, HD-ZIPIV genes are not 

expected to be as important in leaf development in the moss as HD-ZIP genes from the 

other three classes. 

4.6.14 Regulation of leaf cell expansion by HD-ZIPI and HD-ZIPII genes? 

In Arabidopsis, the majority of class I HD-ZIP genes are expressed at varying 

levels in leaves as well as roots, stems, flowers and siliques (Henriksson et al., 2005).  

Expression patterns of AtHB6 suggest that it plays a role in cell divisions and/or cell 

differentiation (Söderman et al., 1999) and ATHB16 appears to negatively regulate cell 

expansion in Arabidopsis rosette leaves (Wang et al., 2003).  Changes in expression of 

HD-ZIPI genes occur in response to ABA treatment, water deficit and changes in light 

conditions (Henriksson et al., 2005).  AtHB2, a HD-ZIPII gene, regulates auxin 
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Fig. 70 Numbers of ESTs Representing HD-ZIP Genes in Physcomitrella 

The numbers of ESTs representing HD-ZIP genes that were isolated from various types of tissue from Physcomitrella cultures are compared.
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distribution and leaf expansion in the shade response (Morelli & Ruberti, 2002 and 

references therein). 

Most of the HD-ZIPI and HD-ZIPII genes in Physcomitrella are expressed in 

more than one tissue type and representation of genes by ESTs from gametophores is 

high relative to the total number of ESTs (see Fig. 71).  Several HD-ZIP genes, sca_154, 

sca_65a (HD-ZIPI), sca_31b and sca_31c (HD-ZIPII) in particular, are promising 

candidates for regulation of leaf morphogenesis, possibly playing roles in leaf expansion 

and environmental responses. 

4.6.15 Regulation of adaxialization/abaxialization and vascular development by HD-

ZIPIII genes and KAN genes? 

Development along the dorsoventral axis of Arabidopsis leaves requires HD-

ZIPIII genes, which are involved in adaxialization, and KAN and YAB genes, which are 

involved in abaxialization.  Mutual antagonism between KAN and HD-ZIPIII genes 

occurs in the apical meristem and the vascular bundles and establishes adaxial-abaxial 

polarity in the leaf (Emery et al., 2003).  Additionally, ETTIN and ARF4 have been 

implicated in KAN-mediated suppression of PHAB in the abaxial domain (Pekker et al., 

2005). 

The five Physcomitrella HD-ZIPIII genes form a monophyletic clade that is sister 

to the HD-ZIPIII genes from other land plants.  At least four of the Physcomitrella genes 

are expressed in leaves.  KAN genes are present in the Physcomitrella genome and are 

represented by ESTs that were isolated from leafy shoots and mixed gametophytic tissue.  

The Physcomitrella gene model that is the best hit in tblastn searches of the genome, 

using either ETTIN or ARF4 as a query, is not represented by any EST in Unigene.  
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Therefore, interactions between HD-ZIPIII genes and KAN genes in Physcomitrella 

leaves are possible but homologues of ETTIN and ARF4 may not be involved.  

Furthermore, no Physcomitrella homologue of YAB is involved in the network. 

According to Floyd and Bowman (2007), leaf abaxialization and vascular 

patterning are processes that do not occur in Physcomitrella and, therefore, KAN genes do 

not perform those functions in Physcomitrella.  However, although the lamina of the 

Physcomitrella leaf is unistratose, the numbers of cells on the adaxial and abaxial sides of 

the costa differ (Harrison et al., 2009).  It is possible, therefore, that HD-ZIPIII/KAN 

interactions contribute to development of the conducting tissue and to adaxial/abaxial 

polarity of the midrib. 

4.6.16 Vascular patterning by HD-ZIPIII genes? 

Expression of HD-ZIPIII genes in the apical meristem and in provascular tissues 

of the stem and leaf of Selaginella kraussiana suggests that these genes are involved in 

patterning of the apical meristem and of the leaf and stem vasculature but not in leaf 

initiation or in adaxialization of the leaves (Floyd et al., 2006).  Similarly, expression of 

HD-ZIPIII genes in gymnosperms suggests that they are involved in patterning of the 

apical meristem and vasculature as is the case for angiosperm HD-ZIPIII genes. 

Differentiation of preprocambial cells in the Arabidopsis leaf involves auxin, the 

HD-ZIPIII gene, AtHB8 (which is positively regulated by MP) (Baima et al., 1995; 

Baima et al., 2001; Mattsson et al., 2003; Donner et al., 2009), PIN1, (Gälweiler et al., 

1998; Mattsson et al., 1999; Benková et al., 2003; Vieten et al., 2005; Wenzel et al., 

2007) and WOX4 (Ji et al., 2010). 
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The closest Physcomitrella homologue of AtHB8 is PPHB12, which is 58% 

identical to AtHB8 at the amino acid level.  The Physcomitrella gene is represented by a 

single EST, which is from the leafy shoot library.  PINB is the only PIN gene that is 

represented by an EST from the leafy shoot library and only one ARF gene is represented 

by an EST from the leafy shoot library.  The similarity of WOX genes in Physcomitrella 

and Arabidopsis is low.  Taken together, these data suggest that, if HD-ZIPIII genes are 

involved in development of the simple conducting tissue in Physcomitrella, the HD-

ZIPIII genes may function in different pathways from those responsible for vascular 

development in Arabidopsis. 

In Arabidopsis, LITTLE ZIPPER (ZPR) genes are small genes that encode leucine 

zipper domains similar to that of REV and are up-regulated by HD-ZIPIII expression.  

ZPR proteins regulate REV functions in abaxialization and vascular development 

(Wenkel et al., 2007).  In this study, tblastn searches of the Physcomitrella genome 

database using the sequences of ZPR1 and ZPR3 as queries yielded no hits, supporting 

the finding by Wenkel and colleagues (2007) of no non-angiosperm ZPR genes in their 

searches of (unspecified) plant genome databases. 

4.6.17 Expansion of the HD-ZIP family may have contributed to the evolution of 

moss leaves 

HD-ZIP genes are present in land plants and charophycean green algae but not in 

other eukaryotes (Henriksson et al., 2005; Floyd et al., 2006).  mRNA representing one 

HD-ZIPIII gene was isolated from gametophytic tissue of each of the charophyte, Chara 

corallina, the thalloid liverwort, Marchantia polymorpha, and the hornwort, Phaeoceros 

carolinianus (Floyd et al., 2006).  There are thirteen HDZIP genes in Selaginella 
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moellendorffii (Mukherjee et al., 2009) and the HD-ZIP family is much larger in 

Physcomitrella and Arabidopsis (Fig. 72). 

In Arabidopsis, expression patterns of HD-ZIPI genes vary from the broad 

expression of ATHB20, ATHB21 and ATHB51 in seedlings, roots, stems, leaves, flowers 

and siliques to the restricted expression of, for example, ATHB53, to roots and flowers.  

Additionally, changes in expression in response to ABA, NaCl and light conditions varies 

among HD-ZIPI genes (Henrikkson et al., 2005).  Similarly, expression of HD-ZIP genes 

in Physcomitrella, inferred from EST evidence, varies (see Fig. 71).  Broad expression 

appears to be characteristic of the HD-ZIPI gene, sca_65a, which is represented by ESTs 

from all of the tissue libraries.  In contrast, expression of the HD-ZIPI genes, sca_28 and 

sca_154, is apparently leaf-specific and expression of the HD-ZIPIII gene, PPHB10, and 

the HD-ZIPIV genes, HDZ42 and HDZ43, appears to be restricted to protonema. 

In Arabidopsis, many members of the HD-ZIP family are involved in leaf 

development.  Since the HD-ZIP family is also expanded in Physcomitrella and a large 

number of HD-ZIP genes are expressed in gametophores, it is tempting to think that 

expansion of the HD-ZIP family may have contributed to the evolution of leaves in 

separate lineages of land plants. 

4.6.18 Regulation of heteroblasty 

A number of genes have been implicated in heteroblasty in Arabidopsis including 

WUS (Hamada et al., 2000), the auxin-related ETTIN and ARF4 genes, which are 

regulated by miRNA and ta-siRNA (Hunter et al., 2006) and genes involved in post-

transcriptional gene silencing including AGO, DCL4 and SE (Clarke et al.,1999), ZIP, 
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Fig. 71 Numbers of HD-ZIP genes in selected plant genomes 

The numbers of each class of HD-ZIP genes in Physcomitrella are compared with those 

in a lycophyte (Selaginella moellendorffii) and an angiosperm (Arabidopsis).  The 

numbers of HD-ZIP genes in Selaginella moellendorffii and Arabidopsis are according to 

Mukherjee and coworkers (2009). 
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HASTY, SGS3 and RDR6 (Peregrine et al., 2004).  SQUAMOSA PROMOTER BINDING 

PROTEIN-LIKE 15, PSD and SQUINT are also involved in heteroblasty (Usami et al., 

2009). 

Several of the Physcomitrella homologues of vascular plant genes that are 

involved in heteroblasty bear limited sequence similarity to the related vascular plant 

genes or are not represented by ESTs isolated from gametophores or both, including the 

WOX and DCL genes as well as RDR6 (Table 6).  Homologues of ARF genes, AGO1, SE, 

SQUINT, SGS3, HASTY and PSD, are represented by small numbers of ESTs from leafy 

shoots. 

With the possible exception of midrib development, heteroblasty in 

Physcomitrella is not manifest as abrupt changes in leaf morphology.  The mRNA 

degradation pathway may play a limited role in leaf development in Physcomitrella, 

possibly in heterobasty. Since auxin may be involved in heteroblasty in Physcomitrella, it 

is possible that auxin-related genes other than ARFs may regulate the timing of the 

accumulation of auxin in the leaf base and initiation of the midrib. 

4.6.19 Cytokinin signalling genes 

 The Physcomitrella genome was searched for homologues of selected vascular 

plant genes that are involved in biosynthesis and activity of cytokinins.  Most of the 

Physcomitrella protein sequences were similar enough (≥ 25% identity) to the 

corresponding tracheophyte sequences to suggest structural similarity and, therefore, 

possible functional similarity.  Twelve of the thirty genes investigated were represented 

by ESTs from the gametophore and mixed gametophytic tissue libraries, suggesting that 

cytokinin activity is important in leaf development in the moss. 
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 ADK1 and ADK2 are two highly similar genes exhibiting differential expression 

in Arabidopsis, ADK2 being more strongly expressed in leaves than AKD1.  ADK1 

mutants exhibit rounded, wavy leaves (Moffatt et al., 2002).  Whether this phenotype 

results from ADK1 inactivation of CKs is not known. 

In Physcomitrella, one ADK homologue is 67% identical to ADK2 and the 

PpADK gene is represented by 10 ESTs from leafy shoots and 3 ESTs from mixed 

gametophytic tissue (of a total of 59 ESTs).  ADKs are housekeeping enzymes that are 

involved in adenylate metabolism, including conversion of the cytokinin, 

isopentenyladenosine, to isopentenyladenosine monophosphate (Schwartzenberg et al., 

1998) and, therefore, expression of PpADK in leaves may or may not be an indicator of 

ADK inactivation of CK. 

4.6.20 Speculative model of regulation of leaf morphogenesis in Physcomitrella  

Modelling regulation of leaf morphogenesis in Physcomitrella, given the paucity 

of information about functions of leaf developmental genes, is speculative rather than 

conclusive.  Nevertheless, a set of candidate genes that are relatively high in sequence 

identity to vascular plant genes involved in developmental processes that are analogous to 

those in the moss and are represented by a relatively high abundance of ESTs isolated 

from gametophores has been identified.  Therefore, a model of potential regulatory 

networks was constructed (Fig. 73) based on information, gathered in this study, about 

leaf morphology and development in Physcomitrella  and moss homologues of vascular 

plant leaf developmental genes.  The interactions between genes and hormones shown in 

the model are founded on knowledge of interactions in vascular plants.  The model will 

provide a basis for making decisions about molecular investigation of candidate genes. 
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Fig. 72 Speculative model of genetic and hormonal regulation of leaf morphogenesis 

in Physcomitrella 

Physcomitrella leaf developmental processes that are analogous to processes in vascular 

plants are shown in green ellipses. Arrows pointing to the ellipses indicate predicted 

functions of molecules.  Lines showing predicted interactions between molecules end in 

arrowheads or bars to indicate positive or negative regulation, respectively.  In cases in 

which more than one function or interaction is shown for an individual gene, the gene 

name and associated lines are shown in the same colour for clarity. 

 

 

 

 

 

 



279 

 

 

 



280 

 

 Central in the model are AS2, HD-ZIP genes and auxin, each of which may 

interact with other molecules as shown in the model to perform roles in analogous 

processes in leaf development in Physcomitrella and vascular plants:  leaf expansion due 

to cell divisions and cell expansion and development of conducting tissue involving some 

degree of adaxial/abaxial polarity. 

4.7 Conclusions 

In Physcomitrella, growth of the leaves due to cell divisions, particularly in the 

basal half of the leaf, and cell expansion, which begins at the apex and proceeds 

basipetally, is considerable such that a one-hundredfold increase in size occurs from the 

first to the fourth plastochron.  Further expansion of the cells contributes to leaf growth 

during the fifth plastochron and final leaf size is almost always reached by the sixth 

plastochron. 

Leaf heteroblasty in Physcomitrella results from gradual changes, with the 

exception of midrib formation.  The latter is a discrete change that may, nevertheless, be 

the manifestation of a gradual process that includes the production of unusually narrow, 

elongated cells at the longitudinal midline of the leaf in leaves that lack the midrib.  The 

heteroblastic series recommences with side branches. 

Processes of leaf morphogenesis in Physcomitrella that are analogous to those in 

vascular plants include cell divisions, cell expansion and development of conducting 

tissue.  Auxins and cytokinins play important roles in these processes and auxin may play 

a key role in leaf heteroblasty.  Control of leaf development at the cellular level may be 

more important in the moss than regulation at the organ level. 
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Although homologues of most of the tracheophyte genes that are known to 

influence leaf development are present in the Physcomitrella genome, the number of 

Physcomitrella genes that are highly similar to the tracheophyte genes and appear to be 

highly expressed in leaves is small.  Class I and class II HD-ZIP genes are predicted to 

play prominent roles in leaf morphogenesis in the moss because many genes from these 

two subclasses are represented by high numbers of ESTs isolated from leafy shoots. 

4.8 Future work 

 Data from this project, including leaf measurements and mathematical equations 

that describe changes in leaf sizes, will be used to construct a realistic Lindenmayer 

system model of gametophore development in Physcomitrella.  The model will be 

validated by comparison with real pabB4 gametophores and altered if necessary.  The 

model will then be manipulated to perform virtual experiments and the resulting virtual 

mutant plants will be compared with mutant plants such as those available from the 

IMSC.  In the cases of mutant plants that resulted from targeted mutagenesis, functions of 

the mutated genes will be predicted from the L-system rules that, when altered, produced 

a virtual moss mutant resembling phenotypically a real moss mutant. 

 An expanded investigation of the effects of auxins and CKs on leaf development 

in Physomitrella is required to confirm the findings of this study and to elucidate the 

effects of high concentrations of auxins and CKs on leaf morphogenesis. 

 Targeted knockout or knock-down of expression of candidate leaf developmental 

genes, particularly HD-ZIP genes, offers the prospect of expanding our understanding of 

the regulation of leaf morphogenesis of this simple plant model system and may 



282 

 

contribute to a more generally applicable appreciation of processes underlying leaf 

development in other plants. 
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APPENDIX A:  PRIMERS FOR PCR AMPLIFICATION OF MADS-BOX GENES 

Primer 

 Name 

Primer 

Sequence 

 

Fragment 

Length 

(bp) 

 

PpMADS-SF01u 

 

AGGTGGAGTCATCGAGGCGTAACC 

 

1284 

 

PpMADS-SR01i 

 

TGTGCTTGTCCCTAGAAGTGCCGA 

 

PpMADS-SF03i 

 

CACAATCACTCCTGCGTTTCTGG  

 

 

3781 

 

PpMADS-SR03u 

 

CGTCCAACTCTAAGCTCATCATACC 

 

PPMC5F01u 

 

GCTGCTGGGAAGAGGCTTGGAAAG 

 

904 

 

PPMC5R01i 

 

GCTGCACATCGACAATGCCGGATA 

 

PPMC5F02i 

 

GCAGCAGTAAGTTCTGAGC 

 

2483 

 

PPMC5R02u 

 

GGCTACACGACATAAGAGG 

 

PPMC6FO1u 

 

CTGCTGGGAAGAGGCGTGGATAGT 

 

1284 

 

PPMC6R01i 

 

AACCCCGGATACAATCACTGCCGA 

 

PPMC6F01i 

 

CGCGGGACCCCACTTTTTCTCTTC 

 

3001 

 

 

 
 

PPMC6R01u 

 

 

CACCACGTCGTGAAGGGCAGATTC 
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APPENDIX B:  ALIGNMENT OF PLANT MADS-DOMAIN SEQUENCES 

OlTIM1      MGRKKIKIERIVDERNRQVTFTKRKNGLMKKAMELSVLCDCDIALVIYN- 

OtTIM1      MGRKKIKIERIGDERNRQVTFTKRKNGLMKKAMELSVLCDCDIAMVIYN- 

PI          MGRGKIEIKRIENANNRVVTFSKRRNGLVKKAKEITVLCDAKVALIIFA- 

AP3         MARGKIQIKRIENQTNRQVTYSKRRNGLFKKAHELTVLCDARVSIIMFS- 

AG          SGRGKIEIKRIENTTNRQVTFCKRRNGLLKKAYELSVLCDAEVALIVFS- 

AGL1        LGRGKIEIKRIENTTNRQVTFCKRRNGLLKKAYELSVLCDAEVALVIFS- 

AGL2        MGRGRVELKRIENKINRQVTFAKRRNGLLKKAYELSVLCDAEVALIIFS- 

AGL3        MGRGKVELKRIENKINRQVTFAKRRNGLLKKAYELSVLCDAEIALLIFS- 

AGL4        MGRGRVELKRIENKINRQVTFAKRRNGLLKKAYELSVLCDAEVSLIVFS- 

AGL5        IGRGKIEIKRIENTTNRQVTFCKRRNGLLKKAYELSVLCDAEVALVIFS- 

AGL6        MGRGRVEMKRIENKINRQVTFSKRRNGLLKKAYELSVLCDAEVALIIFS- 

AGL7        MGRGRVQLKRIENKINRQVTFSKRRAGLLKKAHEISVLCDAEVALVVFS- 

AGL8        MGRGRVQLKRIENKINRQVTFSKRRSGLLKKAHEISVLCDAEVALIVFS- 

AGL9        MGRGRVELKRIENKINRQVTFAKRRNGLLKKAYELSVLCDAEVALIIFS- 

AGL10       MGRGRVELKRIENKINRQVTFSKRRTGLLKKAQEISVLCDAEVSLIVFS- 

AGL11       MGRGKIEIKRIENSTNRQVTFCKRRNGLLKKAYELSVLCDAEVALIVFS- 

AGL12       MARGKIQLKRIENPVHRQVTFCKRRTGLLKKAKELSVLCDAEIGVVIFS- 

AGL13       MGRGKVEVKRIENKITRQVTFSKRKSGLLKKAYELSVLCDAEVSLIIFS- 

AGL14       MVRGKTEMKRIENATSRQVTFSKRRNGLLKKAFELSVLCDAEVALIIFS- 

AGL15       MGRGKIEIKRIENANSRQVTFSKRRSGLLKKARELSVLCDAEVAVIVFS- 

AGL16       MGRGKIAIKRINNSTSRQVTFSKRRNGLLKKAKELAILCDAEVGVIIFS- 

AGL17       MGRGKIVIQKIDDSTSRQVTFSKRRKGLIKKAKELAILCDAEVCLIIFS- 

AGL18       MGRGRIEIKKIENINSRQVTFSKRRNGLIKKAKELSILCDAEVALIIFS- 

AGL19       MVRGKTEMKRIENATSRQVTFSKRRNGLLKKAFELSVLCDAEVALVIFS- 

AGL20       MVRGKTQMKRIENATSRQVTFSKRRNGLLKKAFELSVLCDAEVSLIIFS- 

AGL21       MGRGKIVIQRIDDSTSRQVTFSKRRKGLIKKAKELAILCDAEVGLIIFS- 

AGL22       MAREKIQIRKIDNATARQVTFSKRRRGLFKKAEELSVLCDADVALIIFS- 

AGL23       LGRRKVEIVKMTKESNLQVTFSKRKAGLFKKASEFCTLCDAKIAMIVFS- 

AGL24       MAREKIRIKKIDNITARQVTFSKRRRGIFKKADELSVLCDADVALIIFS- 

AGL25       MGRKKLEIKRIENKSSRQVTFSKRRNGLIEKARQLSVLCDASVALLVVS- 

AGL27       MGRRKIEIKRIENKSSRQVTFSKRRNGLIDKARQLSILCESSVAVVVVS- 

AGL28       LGRRKIELVKMTNESNLQVTFSKRRSGLFKKGSELCTLCDAEIAIIVFS- 

AGL29       MGRRKIKMEMVQDMNTRQVTFSKRRTGLFKKASELATLCNAELGIVVFS- 

AGL30       MGRVKLKIKKLENTNGRQSTFAKRKNGILKKANELSILCDIDIVLLMFS- 

AGL31       MGRKKVEIKRIENKSSRQVTFSKRRNGLIEKARQLSILCESSIAVLVVS- 

AGL32       MGRGKIEIKKIENQTARQVTFSKRRTGLIKKTRELSILCDAHIGLIVFS- 

AGL33       MGRKKLKLKRIESLKERSSKFSKRKKGLFKKAEEVALLCDSDIMLIVVS- 

AGL34       MGMKKVKLSLIANEISRETSFMKRKNGIMKKLYELSTLCGVQACTLIYS- 

AGL35       MTRQKVKMTFIENETARKSTFKKRKKGLLKKAQELGILCGVPIFAVVNS- 

AGL36       --MKKVKLSLIANERSRKTSFIKRKDGIFKKLHELSTLCGVQACALIYS- 

AGL37       -MRGKMKLSFIENDSVRKTTFTKRKKGMLKKFNELVTLCGVDACAVIRS- 

AGL38       -MKRKMKLSLIENSVSRKTTFTKRKKGMTKKLTELVTLCGVEACAVVYS- 

AGL39       GTKRKIEIKKRETKEQRAVTCSKRRQTVFSKAADLCLISGANIAVFVTS- 

AGL40       KGRQKIEMKKMENESNLQVTFSKRRFGLFKKASELCTLSGAEILLIVFS- 

AGL41       MTRKKVKLAWIENDNTRAISLRKRRVGLVKKVRELSILCDIKACTIVFS- 

AGL42       MVRGKIEMKKIENATSRQVTFSKRRNGLLKKAYELSVLCDAQLSLIIFS- 

AGL43       MTMRSSLPSSSSAYSLASTSLSNRLETIFKKASELCTLCDIEACVIYYG- 

AGL44       MGRGKIVIRRIDNSTSRQVTFSKRRSGLLKKAKELSILCDAEVGVIIFS- 

AGL45       MTRKKLNLSYITNESMRKATFNKRKKGLVKKIHELSVLCGIEACAVIYS- 

AGL46       MARKKLNLTYIFNDRMRKRSFKQRREGFLKKLNDLKVLCDVNACAVVYN- 

AGL47       MGRKMVKMTRITNEKTRITTYKKRKACLYKKASEFSTLCGVDTCVIVYG- 

AGL48       MTRKKVKLVWIENDKSRATSLQKMRVGLLKKVKELTILCAVRAIVIIFS- 

AGL49       KKPNKSDDDDGDLHRKKQSFFKQRFPGFKKKASELSVLCGNSVGFICYG- 

AGL50       QKKPNKSDDDDDLRRKKQSFFKQRFPGFKKKASELSVLCGNSVGFICYG- 
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AGL53       QTCFKKSSLSSSSTAKKTTNLSMREQTMFKKALELSTLCNIDVCVIYYG- 

AGL54       NQTCFKKSSLSSSNAKKTTNLSMREQTMFKKALELSTLCDIEVCVIYYG- 

AGL55       GTKRKIEMKRIEDKNVRAVAFTKRKSGLFHKASELCLLSPGTQIAILAT- 

AGL56       GKKTKIEIKKIINKPAKTVAFTKRREGLFRKASQLCLLSPATQIAILAA- 

AGL57       KGKQKIEMKKVENYGDRMITFSKRKTGIFKKMNELVAMCDVEVAFLIFS- 

AGL58       KGKQKINIKKIEKDEDRSVTLSKRLNAIYTMIIELSILCGVEVAFIGYS- 

AGL59       KGKQKINIKKIEKDEGRSVTFSKRLNGIYTKISELSILCGVEVAFIGYS- 

AGL60       KGRQKIEIKEIMLETRRQVTFSKRRSGLFKKAAELSVLCGAQIGIITFS- 

AGL61       IGRQKIPMVKIKKESHRQVTFSKRRAGLFKKASELCTLCGAEIGIIVFS- 

AGL62       KGRQKIEMVKMKNESNLQVTFSKRRSGLFKKASELCTLCGAEVAIVVFS- 

AGL63       MRKGKRVIKKIEEKIKRQVTFAKRKKSLIKKAYELSVLCDVHLGLIIFS- 

AGL64       KGKQRINIKKIEKDEDRLVTLSKRRNGIYTKLSELSILCGAEVAFLGYS- 

AGL65       MGRVKLKIKRLESTSNRQVTYTKRKNGILKKAKELSILCDIDIVLLMFS- 

AGL66       MGRVKLEIKRIENTTNRQVTFSKRRNGLIKKAYELSILCDIDIALLMFS- 

AGL67       MGRVKLELKRIEKSTNRQITFSKRKKGLIKKAYELSTLCDIDLALLMFS- 

AGL68       MGRRRVEIKRIENKSSRQVTFCKRRNGLMEKARQLSILCGSSVALFIVS- 

AGL69       MGRRKVEIKRIENKSSRQVTFCKRRNGLMEKARQLSILCESSVALIIIS- 

AGL70       MGRRKVEIKRIENKSSRQVTFSKRRKGLIEKARQLSILCESSIAVVAVS- 

AGL71       MVRGKIEIKKIENVTSRQVTFSKRRSGLFKKAHELSVLCDAQVAAIVFS- 

AGL72       MVRGKIEIKKIENVTSRQVTFSKRRSGLFKKAHELSVLCDAQVAAMIFS- 

AGL73       GTKRKIAIETIQKRDSLRVTCTKRRKGLYSKASQLCLLSDAQIAILATP- 

AGL74       GTKRKIEIEKRMTKQQRSVACSKRRPTLFSKAADLCLLSGANIAVFVTS- 

AGL75       MTMRSSSPSSSSSYSLAFTSLSNRLETIFKKASELCTLCDIEACVIYYG- 

AGL76       MTMRSL-PFSSSSYSLASTSLSNRLETIFKKASELCTLCDIEACVIYYG- 

AGL77       SSSRCSNSSSSSSYSLASTSLSNRLETIFKKASELCTLCDIEACVIYYG- 

AGL79       MGRGRVQLRRIENKIRRQVTFSKRRTGLVKKAQEISVLCDAEVALIVFS- 

AGL80       MTRKKVKLAYISNDSSRKATFKKRKKGLMKKVHELSTLCGITACAIIYS- 

AGL81       SSSRCSSSSSSSSYSLASTSLSNRLETIFKKASELCTLCDIEACVIYYG- 

AGL82       MVPKVVDLQRIANDKTRITTYKKRKASLYKKAQEFSTLCGVETCLIVYG- 

AGL83       GTKRKIAIETIQKSDYLRVTCTKRREGLFSKASQLCLLSDAQIAILATP- 

AGL84       GTKRKIAIETIQKRDSLRVTCTKRREGLYSKASQLCLLSDAQIAILATP- 

AGL86       -MRSKIKLSLIANKTSRRTTFRKRKGGITNKLHELTTLCGVKACAVISS- 

AGL87       MGRRKVTHQLISDNATRRVTFRKRKDGLLKKIYELTVLCGLPACAIIYS- 

AGL89       QTCFKKSSLSSSSTAKKTTNLSMREETMFKKALELSTLCDIEVCVIYYG- 

AGL90       --MKKVKLSLIANERSRKTSFMKRKNGIFKKLHELSTLCGVQACALIYS- 

AGL91       MGRRKIKMEKVQDTNTKQVTFSKRRLGLFKKASELATLCNAEVGIVVFS- 

AGL92       -MRTKTKLVLIPDRHFRRATFRKRNAGIRKKLHELTTLCDIKACAVIYS- 

AGL93       QTCFKKSSLSSSSTAKKTTNLSMREQTMFKKALELSTLCNIDVCVIYYG- 

AGL94       MGRVKLKIKKLQNMNGRQCTYTKRRHGIMKKAKELSILCDIDVVLLMFS- 

AGL96       MARKKVRAAWIRDDRMRRASLKRRLTGLIKKVNELSILCDMRASVVVFN- 

AGL97       GVKRKIAIEKIQNKNPRAVSFSKRRKGLYSKASELCLLSDAEIAIIATP- 

AGL98       SSSGCSNSSSSSSYSLASTSLSNRLETIFRKASELCTLCDIEACVIYYG- 

AGL99       GVKRKISIELIEKKDSRAVAFSKRSRGLYSKASDLCLLSDAQIAIIATP- 

AGL100      RGRQKIEIKKIEEETKRQVTFSKRRRGLFKKSAELSVLTGAKIAVITFS- 

AGL102      MGRRKIEIKFIEDSIERKATFSRRRNGIFKKADELAKLCNVEIAVLVIS- 

AGL103      KNKTFFKKPNSAFSSSRATSLIKRQQTVFKKAKELSILCDIDVCVICYG- 

AGL104      MGRVKLEIKRIENTTNRQVTFSKRRNGLIKKAYELSILCDIDIALIMFS- 

CgMADS1     MGRAKIEIKRIDNATSRQVTFSKRRNGLLKKAYELSVLCDADIAVIMFS- 

CsMADS1     MGRGKIEIRRIENATSRQVTFSKRRNGLLKKAYELSVLCDVDIAVIVFS- 

CpMADS1     MGRGKIEIRKIDNATTRQVTFSKRRNGLLKKAYELAVLCDVEIGVIIFS- 

LAMB1       MGRRKIEMQKIKNNNARNVTFCKRKTGLMKKAFELSVLCGVDVGLLMFAP 

LAMB2       MGRGKIEIKRIENATSRQVTFSKRRGGLLKKAHELSVLCDAQVALIIFS- 

LAMB3       MGRGKVEIKRIENATCRQATFSKRRSGLLKKAHELSVLCDAQLVAVIFS- 

LAMB4       MGRGKIEIKRIENATCRQVTFSKRRSGLLKKAHELSVLCDAQVAVIIFS- 

LAMB6       MGRGKIEIKRIENSTSRQVTFSKRRGGLLKKAHELAVLCDAQVALIIFS- 

SrMADS1     VGRGKIEIKRIENATSRQVTFSKRRGGLLKKAHELSVLCDAQVALIIFS- 

SmTIM1      MGRAKIEIKKIENRSARQVCFSKRRMGLIKKASELSILCGSEVGIIVFS- 
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CRM1        MVRRKIKIKRIENATTRQVTFSKRRGGLLKKAHDLSVLCDAEVAVIIFS- 

CRM3        MGRGKIEMKRIENRTTRQVTFCKRRAGLVKKARELSVLCDADVALIVFS- 

CMADS1      GGRGTIPIRRIDNPTSRQVTFSKRRNGLLKKAYELSVLCDAEVGVMVFS- 

CMADS2      MVRRKIKIKRIENATTRQVTFSKRRGGLLKKAHDLSVLCDADVGVIIFS- 

CMADS4      MPRRKVKIKRIENGATRQITFSKRRAGLFKKAHDLSVLCDAKVAVIVFS- 

CerMADS1    MVRTKIKIKRIENATTRQVTFSKRRGGLFKKAHDLSVLCDAEVAVIIFS- 

CerMADS2    TSRGKIQIRRIENTTSRQVTFSKRRNGLLKKAHELSVLCDAEIALIIFS- 

CerMADS3    YRSPRIAIRRVDNATNRQVTFSKRRNGLLKKASELSILCDAEIAAIVFS- 

PPM1        MGRGKIEIKKIENTTSRQVTFSKRRGGLLKKAHELAVLCDAEVALVIFS- 

PPM2        MGRGKIEIKKIENTTSRQVTFSKRRGGLLKKAHELAVLCDAEVALVIFS- 

PpMADS1     MGRGKIEIKKIENTTSRQVTFSKRRGGLLKKAHELAVLCDAEVALVIFS- 

PpMADSS     MGRGKIEIKKIENPTSRQVTFSKRRGGLLKKAHELAVLCDAEVALIIFS- 

PPMC5       MGRGKIEIKKIENPTSRQVTFSKRRGGLLKKAHELAVLCDADVALIIFS- 

PPMC6       MGRGKIEIKKIENPTSRQVTFSKRRGGLLKKAHELAVLCDAEVALIIFS- 

PpMADS2     MGRVKLEIKKIENPTNRQVTYSKRRNGLIKKAYELSVLCDIDLALIMFS- 

PpMADS3     MGRVKLEIKKIENPTNRQVTFSKRRNGLIKKAYELSVLCDIDLALIMFS- 

PPM3        MGRVKLEIKKIENSANRQVTYSKRRNGLTKKAYELSVLCDIDLALIMFS- 

PPM4        MGRVKLEIKKIENPTNRQVTYSKRRNGLVKKAYELSVLCDIDLALIMFS- 

PPM6        MGRVKLEIKKIENPTNRQVTYSKRRNGLIKKAYELSVLCDIDIALIMFS- 

PPM7        MGRVKLEIKKIENPTNRQVTYSKRRNGLIKKAYELSVLCDIDLALIVFS- 

PPMA8       MGRVKLEIKKIENPTNRQVTYSKRRNGLMKKAYELSVLCDIDLALVMFS- 

PPMA9       MGRVKLEIKKIENPTNRQVTYSKRRNGLIKKAYELSVLCDIDLALIMFS- 

PPMA10      MGRVKLEIKKIENPTNRQVTYSKRRNGLIKKAYELSVLCDIDVALIMFS- 

PPMA11      MGRVKLEIKKIENPTNRQVTYSKRRNGLIKKAYELSVLCDVDVALIMFS- 

PPMA12      MGRVKLEIKKIENSTNRQVTYSKRRNGLIKKTYELSVLCDIDLALIMFS- 

PPTIM1      MGRLKIDVDKKRPASKINSTFSKRKDGLMNKAKQMGSLCDVDVALIVFC- 

PPTIM2      MGRAKIEIKKIENPSARQVCFSKRRGGLIKKASELSILCGSEVGVIVFS- 

PPTIM3      MGRAKIEIKKIENSSARQVCFSKRRGGLIKKASELSILCGSEVGVIVFS- 

PPTIM4      MGRNMIVVELL-PDSEIPVGYSRRKHGLINKAKELGVLCGNQVVLIVFNP 

PPTIM5      MGRKKIDIELL-PAKKIQTTYSKRKVGLINKAKELGILCGNQVVMIAFNP 

PPTIM7      GLVSFNIGPHIKSDASRAATYSKRKKGLLKKVKELSILCGVEVAVMCHH- 

PPTIM8      KLVSFNIGPSIKSNASRAATYNKRKKELVKKVKELSILCRVEVAVMCHH- 

 

 

OlTIM1      SNEKLYQYSSG 

OtTIM1      SHEKLYQYSSG 

PI          SNGKMIDYCCP 

AP3         SSNKLHEYISP 

AG          SRGRLYEYSNN 

AGL1        TRGRLYEYANN 

AGL2        NRGKLYEFCSS 

AGL3        NRGKLYEFCSS 

AGL4        NRGKLYEFCST 

AGL5        TRGRLYEYANN 

AGL6        SRGKLYEFGSV 

AGL7        HKGKLFEYSTD 

AGL8        SKGKLFEYSTD 

AGL9        NRGKLYEFCSS 

AGL10       HKGKLFEYSSE 

AGL11       TRGRLYEYANN 

AGL12       PQGKLFELATK 

AGL13       TGGKLYEFSNV 

AGL14       PRGKLYEFSSS 

AGL15       KSGKLFEYSST 

AGL16       STGRLYDFSSS 

AGL17       NTDKLYDFASS 

AGL18       STGKIYDFSSV 
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AGL19       PRSKLYEFSSS 

AGL20       PKGKLYEFASS 

AGL21       STGKLYDFASS 

AGL22       STGKLFEFCSS 

AGL23       PAGKVFSFGHP 

AGL24       ATGKLFEFSSS 

AGL25       ASGKLYSFSSG 

AGL27       ASGKLYDSSSG 

AGL28       PSGKAYSFGHP 

AGL29       PGGKPFSYGKP 

AGL30       PTGKAAICCGT 

AGL31       GSGKLYKSASG 

AGL32       ATGKLSEFCSE 

AGL33       PTEKPTVFNTR 

AGL34       PFIPVPEFLEM 

AGL35       PYELNPEVWPS 

AGL36       PFIPVPESWPS 

AGL37       PYNSIQEPWPS 

AGL38       PFNSIPEAWPS 

AGL39       PSDSSDVVYSF 

AGL40       PGGKVFSFGHP 

AGL41       PNEAELMVWPS 

AGL42       QRGRLYEFSSS 

AGL43       PDGEL-KTWPP 

AGL44       STGKLYDYASN 

AGL45       PFNSNPEVWPS 

AGL46       PFNSNPDVWPS 

AGL47       PSRAGDEMVME 

AGL48       PDKVGPLVWPS 

AGL49       PDNDL-HVWPQ 

AGL50       PDSDL-HVWPQ 

AGL53       RDGKLIKTWPE 

AGL54       RDGKLIKTWPE 

AGL55       PLSSHSHASFY 

AGL56       PMTSKSHASFY 

AGL57       QPKKPYTFAHP 

AGL58       CSGKPYTFGSP 

AGL59       CSGKPYTFGSP 

AGL60       RCDRIYSFGNV 

AGL61       PAKKPFSFGHP 

AGL62       PGRKVFSFGHP 

AGL63       HSNRLYDFCSN 

AGL64       CSGKPYTFGSP 

AGL65       PTGRATAFHGE 

AGL66       PSDRLSLFSGE 

AGL67       PSDRLCLFSGQ 

AGL68       STGKLYNSSSG 

AGL69       ATGRLYSFSSG 

AGL70       GSGKLYDSASG 

AGL71       QSGRLHEYSSS 

AGL72       QKGRLYEFASS 

AGL73       PSSESDVSFYS 

AGL74       PDENSDVVYSF 

AGL75       PDGEL-KTWPK 

AGL76       PDGEL-KTWPK 

AGL77       PDGEL-KTWPK 

AGL79       PKGKLFEYSAG 
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AGL80       PYDTNPEVWPS 

AGL81       PDGEL-KTWPP 

AGL82       PTKATDVVISE 

AGL83       PTSESNISFYS 

AGL84       PSSESNVSFYS 

AGL86       PYENP-VVWPS 

AGL87       EYKDGPELWPN 

AGL89       RDGELIKTWPE 

AGL90       PFIPVPESWPS 

AGL91       PGNKPYSFGKP 

AGL92       PFENP-TVWPS 

AGL93       RDGKLIKTWPD 

AGL94       PMGKASICIGK 

AGL96       REEEQLTAWPS 

AGL97       VSSNSNAAFYS 

AGL98       PDGEL-KTWPP 

AGL99       VSSKSNVSFYT 

AGL100      KCDRIYRFGHV 

AGL102      PTNIPYTYGYP 

AGL103      SNGEL-KTWPE 

AGL104      PSDRLSLFSGK 

CgMADS1     PTGKLFEYANS 

CsMADS1     PTGKLFQYASS 

CpMADS1     ATGKLFQYAST 

LAMB1       ATGKLSLYASK 

LAMB2       STGKLFEYASP 

LAMB3       STGKLFHYASS 

LAMB4       STGKLFQFAST 

LAMB6       NTGKLFEYAST 

SrMADS1     STGKLFEYAST 

SmTIM1      QAGKAFSFGHP 

CRM1        SKGKLFQFANP 

CRM3        SSGRLFEYAGS 

CMADS1      ATGRLSEFAST 

CMADS2      SKGKLFQFANP 

CMADS4      EKGRLFEFASP 

CerMADS1    SKGKLFHFGNP 

CerMADS2    STGKLFEYSSS 

CerMADS3    STGRLSEFASS 

PPM1        STGKLFEYASS 

PPM2        STGKLFEYASS 

PpMADS1     STGKHFEFASS 

PpMADSS     STGKLFEFASS 

PPMC5       STGKLFEFASS 

PPMC6       STGKLFEFASS 

PpMADS2     PSGKLTQYCNC 

PpMADS3     PSGKLTQYCNC 

PPM3        PSGKLTQYSNC 

PPM4        PSGKLTQYSNC 

PPM6        PSGKLTQYSNC 

PPM7        PSGKLTQYSNC 

PPMA8       PSGKLTQYCNC 

PPMA9       PSGKLTQYSNC 

PPMA10      PSGKLTQYSNC 

PPMA11      PSGKLTQYSNC 

PPMA12      PSGKLTQYCNS 

PPTIM1      PRGDDVIDVSH 
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PPTIM2      QAGKAFSFGHP 

PPTIM3      QAGKAFSFGHP 

PPTIM4      DGSDVEEVATN 

PPTIM5      SGSDVEAVATN 

PPTIM7      PQMAGTPPLLW 

PPTIM8      PQMAGSSPLLW 
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APPENDIX C:  ALIGNMENT OF PHYSCOMITRELLA MIKC
C
 MADS-BOX 

GENE SEQUENCES 

 
PPM1        ATGATGACTGCGGCGTGTGGACAACCCTCCAAGCAG---TGGCAGTTCGG 

PPM2        ---ATGACTGCGTCT---GGACAATCCTGCAAGCAG---TGGCAGTTCGG 

PpMADS1     ATGATGACTACAGCGTCTGGACAACCCTCCGATCAA---TGGCAGTTCGG 

PpMADS_S    ATGATGACAGCCTCT---GGACAGTACAGA------------AGTTTGCA 

PPMC5       ATGATGACAGCGTCT---GGGCAGTGCAAAAGCTTGTGCTTTTCTTTGTC 

PPMC6       ATGATGACAGTGTCT---GGACAGAACAAGAGCTTGTGCTTTTCCTTGTC 

PpMADS2     -------------------------------------------------- 

PPM6        -------------------------------------------------- 

 

PPM1        GGCGGTTGCACCCACTGCTGCCACTGCTACAGGAACGGCGGCGCAGGAGC 

PPM2        GGCTGTACCC---------AGTACTGCCACG------------CAAGAGT 

PpMADS1     GGTGGTTGCACCCTCGACTGCCACGGCGACG------------CAAGAGT 

PpMADS_S    GCGATTTTGTTCGCAGCGCAAT---------------------------T 

PPMC5       GCTCAATTCTTCCAATAAGGGGTCACTTGAG------------CTGCTGG 

PPMC6       TCTCAATTCTTCCAATAGAGGGTCTCTGGAG------------CTGCTGG 

PpMADS2     -------------------------------------------------- 

PPM6        -------------------------------------------------- 

 

PPM1        TGTCTGGTGGTGAGATTCTGGACGGGGATTGCGAGGTGCCGACGTGCTTG 

PPM2        CATCGAGTGAGATAATTCTGCACGGCGATTGTGAAGTGCCGACCTACTTG 

PpMADS1     TGTCTGTTGGGGAGATTCTGGACGAGGATTGTGAGGTGCCAACGTGTTTG 

PpMADS_S    CTGATTCCTGGAGAACGACTCACGGAGGTGCCGGTCGTGTAGTGCTGGAT 

PPMC5       GAAGAGGCTTGGAAAGTGGC---GGAGGGTGTGACGTAGTCACGGCGGAT 

PPMC6       GAAGAGGCGTGGATAGTAGTAGTGGTGGGCGCGACGCAGTCACAGCAGAC 

PpMADS2     -------------------------------------------------- 

PPM6        -------------------------------------------------- 

 

PPM1        TCTCTAGGGGTATCGAGTGGGAAGGGGGATTCGAGCACGGAGTCGACA-- 

PPM2        TCACTAGGCGTGGCGTGCGGCACTGGAGGGGATTCGACCTATTCGACAGA 

PpMADS1     TCGCTCGGGATGTCGAGCGGGAAGGGTGATTCGAGCACTGAGTCGACA-- 

PpMADS_S    AGCTCATCT---TTTGTGGGAAAGGTGGATCCACCTAAAGAACGTGAG-- 

PPMC5       AGCTCGTCTCCCGGTGTGGGAAAGGTGGATCCACCCAAAGAGCGCGAG-- 

PPMC6       AGCTCGTCTCCCGGTGTGGGAAAGGAGGATCCACCGAAAGAGCGTGAG-- 

PpMADS2     -------------------------------------------------- 

PPM6        -------------------------------------------------- 

 

PPM1        ----CGGCGAAAGGGTGGGGTT--- 

PPM2        GTCGCGGTCCAAGGGTCGGGTT--- 

PpMADS1     ----CGGCGGAAGGGTGGGGTT--- 

PpMADS_S    -------------------GTT--- 

PPMC5       -------------------GTGGTT 

PPMC6       -------------------GTGGTT 

PpMADS2     ------------------------- 

PPM6        ------------------------- 
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APPENDIX D:  ALIGNMENT OF KNOX PROTEIN SEQUENCES 

 

MKN1_3      DKFLIVAHPLYPDLLNAHASCLR-----VGTPVDQLPHIEAQLTQARHVT 

KNAT3       HKAEILSHPLYEQLLSAHVACLR-----IATPVDQLPRIDAQLAQSQHVV 

KNAT7       LKGEIATHPMYEQLLAAHVACLR-----VATPIDQLPIIEAQLSQSHHLL 

MKN2        LRAAIIDHPFYPEMVLAHVRVFK-----IGAPGRLRRKLDELAKKFQRFQ 

SmKN2       MKASIVAHAHYPDLLASLLNIQKVLLAQVGAPPDRVAKLDEAGQLLLNLR 

KN1         IKAKIISHPHYYSLLTAYLECNK-----VGAPPEVSARLTEIAQEVEARQ 

BP          MKAKIIAHPHYSTLLQAYLDCQK-----IGAPPDVVDRITAARQDFEARQ 

KNAT2       IKSKIASHPLYPRLLQTYIDCQK-----VGAPMEIACILEEIQRENHVYK 

MKN6        NRALIVNHPLYPEMLMNHAACLR-----VGTPVDQLPSIEAQLAQAPNII 

SmKN4       LKADIVTHPLYEQLLEAHVACLR-----IATPVDQLSRIDGQISQCHHAI 

SmKN3       LKADLVTHPLYEQLLSAHISCLR-----TATPVDQLPKIDAQLAHSSQVA 

KNAT4       HKAEILSHPLYEQLLSAHVACLR-----IATPVDQLPRIDAQLAQSQNVV 

KNAT5       YKAAILRHPMYEQLLAAHVACLR-----VATPVDQIPRIDAQLSQLHTVA 

MKN5        LRAAIIDHPFYPEMVLAHVRVFK-----IGAPRRLINKLDDLTRKFQQYQ 

MKN4        LRDAIVDHPLYPELVVAHISIFK-----IGAPKGLLIKLDEMEKKFQRFQ 

KNAT6       IKAKIACHPSYPRLLQAYIDCQKK---QVGAPPEIACLLEEIQRESDVYK 

SmKN1       IMSAISGHPQYKELLRAHMNCYK-----VGASADLAAQMDELVRKRE-FE 

STM         VKAKIMAHPHYHRLLAAYVNCQK-----VGAPPEVVARLEEACSSAAA-A 

OlKN1       MTLAVRAHPMYPRLVEAYYECRQ-----IGAEGDVLEALDRERDAMLYSV 

OtKN1       MTLAIRAHPMYARLVEAYYECRK-----IGAHGDAAVALEREKDAMLYSV 

 

MKN1_3      SKYSVLHPDHLEITEDEKT-ELDQFMAQYIMLLCSFKDHLQQHVYYDVTE 

KNAT3       AKYSALGAAAQGLVGDDK--ELDQFMTHYVLLLCSFKEQLQQHVRVHAME 

KNAT7       RSYASTAVG---YHHDRH--ELDNFLAQYVMVLCSFKEQLQQHVRVHAVE 

MKN2        XXDH-------TSKIGSDP-ELDHFXRSYVGVLTKFAEDLEEPFNKFIQF 

SmKN2       PAVVT--------SVGANP-ELDDFMVAYCAIMKEFEDEFRNVLEGAMAF 

KN1         RTALGG-----LAAAT-EP-ELDQFMEAYHEMLVKFREELTRPLQEAMEF 

BP          QRSTPS-----VSASSRDP-ELDQFMEAYCDMLVKYREELTRPIQEAMEF 

KNAT2       RDVAP------LSCFGADP-ELDEFMETYCDILVKYKTDLARPFDEATTF 

MKN6        EKYRALH-DQVDITEDEKV-ELDRFMTEYTALLGDFKDVLQHHVYTDVAE 

SmKN4       AKYSILANHQLLCGSSKE--ELDHFMAHYVMLLKSFKDQLQHHVRVHAKE 

SmKN3       AKYSILATNEQGLSKDKD--EVNEFMAHYVTLLRSFKDQLQQHVRVHAME 

KNAT4       AKYSTLEAAQGLLAGDDK--ELDHFMTHYVLLLCSFKEQLQQHVRVHAME 

KNAT5       AKYSTLG-----VVVDNK--ELDHFMSHYVVLLCSFKEQLQHHVCVHAME 

MKN5        NCD--------TLKIGTDP-ALDHFMRSYVDMLTKFAEDLEEPFNKFMQF 

MKN4        YGESSWNVLH-VTKFGQDP-SLDFFMRSYIDLLTKFREDLENPYNKFAQY 

KNAT6       QEVVP------SSCFGADP-ELDEFMETYCDILVKYKSDLARPFDEATCF 

SmKN1       SAVKT--------SIGVDP-ELDQFMVAYCNVLNAYEIELRRTFKEAIEF 

STM         AASMGP-----TGCLGEDP-GLDQFMEAYCEMLVKYEQELSKPFKEAMVF 

OlKN1       QVMNEDA-SSSGGAHDVPQRDLDRFMRECTHELESYVKELHALYEDAKSC 

OtKN1       QVMSEEAYESSAMALDVASCDLDEFMRDCTHELETYVKELHSLYEDAKRC 

 

MKN1_3      AMMSCWELEQALHNLTG-VSAGESTGATMS--EEDEDYDSDYG--AYDAH 

KNAT3       AVMACWEIEQSLQSLTG-VSPGEGMGATMSDDEDE-QVESDAN--MFDGG 

KNAT7       AVMACREIENNLHSLTG-ATLGEGSGATMSEDEDDLPMDFSSD--NSGVD 

MKN2        TDNTSKALEEICGHYVDTTPDED-NCGFDIGPLEYGAQEGDDLDTLGDEN 

SmKN2       CKTKTDQLGAIAAASIHMNSVVTSVSDH------PVESEEPETTTTGGGA 

KN1         MRRVESQLNSLSISGRSLRNILSS-----------GSSEEDQEG-SGGET 

BP          IRRIESQLSMLCQSPIHILNNPDGKSDN------MGSSDEEQENNSGGET 

KNAT2       INKIEMQLQNLCTGPASATALSDD-----------GAVSSDEELREDDDI 

MKN6        AMIGCWELEQALHALTG-VSPGEGSGATMSDVDDDQDYDSDYAGTAYDQS 

SmKN4       AVMACWELEQSLISLTAGAAPGEGTGATMSDDEDEQQQPQQEQ--QQQQQ 

SmKN3       AVVACWELEQSLFTLTG-VSPGEGTGATMSEDEDDQQADSDSG--YYDAG 
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KNAT4       AVMACWEIEQSLQSFTG-VSPGEGTGATMSEDEDE-QVESDAH--LFDGS 

KNAT5       AITACWEIEQSLQSLTG-VSPSESNGKTMSDDEDDNQVESEVN--MFDGS 

MKN5        KDSTTKALEGICGHYVETTPDEDDNNGFDIGPMEYGAQASDDLYLPADEN 

MKN4        KDKVTKDLEDLCGHYIETTPDEEDNFGSDIGTKDM-SQDLNDLEILGEEN 

KNAT6       LNKIEMQLRNLCTGVESARGVSED-----------GVISSDEELSGGDHE 

SmKN1       CKKQEHQLSVIAVSNIDVLSSAENEDAS------ETYEDFMEEAESGG-- 

STM         LQRVECQFKSLSLSSPSSFSGYGET-----------AIDRNNNGSSEEEV 

OlKN1       CRELETRARKVRSDVVKS-ADIRGEAAESKRRAPATAAEHAAASGDFDQI 

OtKN1       CKSLENRAHKVKTDVVHVDSSRRGEAAESKRHAPATEDELEAVSDDFDQI 

 

MKN1_3      MDP---QDSGGFGPLVPTESERTLMERVRQELKYELKQGYRARIVDVREE 

KNAT3       LDV------LGFGPLIPTESERSLMERVRQELKHELKQGYKEKIVDIREE 

KNAT7       FSGG--HDMTGFGPLLPTESERSLMERVRQELKLELKQGFKSRIEDVREE 

MKN2        VMYP--LDIDESVIVDPMASDE--------DIKKALRKKYGRHIGELKAE 

SmKN2       EIEEDISSSEVGNEVDPLAKDE--------NLKEYLAQRYGAYIKGLKQE 

KN1         ELP----------EVDAHGVDQ--------ELKHHLLKKYSGYLSSLKQE 

BP          ELP----------EIDPRAEDR--------ELKNHLLKKYSGYLSSLKQE 

KNAT2       AAD----------DSQQRSNDR--------DLKDQLLRKFGSHISSLKLE 

MKN6        MDY---HDSGGYGPLVPTETERSLMERVRQELKHELKQGYRSKIEDVREE 

SmKN4       SDSDYWQDNLGFGPLIPTETERTLMERVRQELKHELKQGYRARIVDVREE 

SmKN3       MDG---HDFTGFGPLIPTETERTLMERVRHELKIELKQGYKAKINDVREE 

KNAT4       LDG------LGFGPLVPTESERSLMERVRQELKHELKQGYKEKIVDIREE 

KNAT5       LDGS--DCLMGFGPLVPTERERSLMERVKKELKHELKQGFKEKIVDIREE 

MKN5        LMYP--LDIDESVVVDPMASDE--------EIKKALRKKYGRHIGELKAE 

MKN4        LMYT--ADIDESIVIDPDAADE--------ELKKMLRLKYGKHIAGLKAE 

KNAT6       VAE----------DGRQRCEDR--------DLKDRLLRKFGSRISTLKLE 

SmKN1       -----IG--EVDTDLDPLAGDK--------ELKKVLMKRYGGYIKGLTQE 

STM         DMNN--------EFVDPQAEDR--------ELKGQLLRKYSGYLGSLKQE 

OlKN1       LSNS---------QQRRDHEER---------LREALKRKYASSIMTLKSE 

OtKN1       LASE---------HQRRNHEER---------LRQDLKRKYASSITMLKTE 

 

MKN1_3      ILRKRRAGKLPEGTTTVLKAWWQAHSKWPYPTEDEKERLIQETGLELKQV 

KNAT3       ILRKRRAGKLPGDTTSVLKAWWQSHSKWPYPTEEDKARLVQETGLQLKQI 

KNAT7       IMRKRRAGKLPGDTTTVLKNWWQQHCKWPYPTEDDKAKLVEETGLQLKQI 

MKN2        FNRVRKKGKLPTSARTILKDWFNRHSHWPYPSEMEKQYLQRICGLNLKQI 

SmKN2       FLKKKKKGKLPKHSTEKLYEWWEAHIKWPYPSEQEKANLATDTGLDQKQI 

KN1         LSKKKKKGKLPKEARQQLLSWWDQHYKWPYPSETQKVALAESTGLDLKQI 

BP          LSKKKKKGKLPKEARQKLLTWWELHYKWPYPSESEKVALAESTGLDQKQI 

KNAT2       FSKKKKKGKLPREARQALLDWWNVHNKWPYPTEGDKISLAEETGLDQKQI 

MKN6        ILRKRRAGKLPEGTTTVLKAWWQAHSKWPYPTEDEKEQLIQETGLELKQV 

SmKN4       ILRKRRAGKLPGDTTSVLKAWWHAHSKWPYPTEDEKARLVQETGLELKQI 

SmKN3       ILRKRRAGKLPGDTTSVLKTWWHAHSKWPYPSEDDKARLVQETGLELKQI 

KNAT4       ILRKRRAGKLPGDTTSVLKSWWQSHSKWPYPTEEDKARLVQETGLQLKQI 

KNAT5       IMRKRRAGKLPGDTTSVLKEWWRTHSKWPYPTEEDKAKLVQETGLQLKQI 

MKN5        FNRVRKKGKLPSSARSILKDWFNRHSYWPYPSEMEKQYLQKLCGLNLKQI 

MKN4        FNRVRKKGKLPTNARQILKDWFSRHSYWPYPSEMEKAYLQRLCGLNLKQI 

KNAT6       FSKKKKKGKLPREARQALLDWWNLHYKWPYPTEGDKIALADATGLDQKQI 

SmKN1       YLKKKKKGKLPKESRQQLLDWWSQHQDHPYPNENQKSNLAQSTGLDPKQI 

STM         FMKKRKKGKLPKEARQQLLDWWSRHYKWPYPSEQQKLALAESTGLDQKQI 

OlKN1       FMRKRKKGKLPDQSTEVLKNWWSENIVWPYPTEDDKRELIAQTKLDATQV 

OtKN1       FMRKRKKGKLPDTSTDILKKWWSDNIVWPYPSEDDKQVLIEMTKLDATQV 
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MKN1_3      NNWFINQRKRNW 

KNAT3       NNWFINQRKRNW 

KNAT7       NNWFINQRKRNW 

MKN2        NNWFINERKRHW 

SmKN2       NNWFINQRKRHW 

KN1         NNWFINQRKRHW 

BP          NNWFINQRKRHW 

KNAT2       NNWFINQRKRHW 

MKN6        NNWFINQRKRNW 

SmKN4       NNWFINQRKRNW 

SmKN3       NNWFINQRKRNW 

KNAT4       NNWFINQRKRNW 

KNAT5       NNWFINQRKRNW 

MKN5        NNWFINERKRHW 

MKN4        NNWFINERKRHW 

KNAT6       NNWFINQRKRHW 

SmKN1       NNWFINQRKRHW 

STM         NNWFINQRKRHW 

OlKN1       NNWFINFRKRHW 

OtKN1       NNWFINFRKRHW 
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APPENDIX E:  ANALYSES OF MADS-BOX GENES 
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Fig. E1 Numbers of MADS-box genes in selected plant genomes 

A histogram of the numbers of type I and type II MADS-box genes in the genomes of 

Chlamydomonas reinhardtii (Chlre), Chlorella vulgaris, Ostreococcus lucimarinus 

(Ostlu), O. tauri (Ostta), Physcomitrella patens (Phypa), Selaginella moellendorffii, 

Arabidopsis thaliana (Arath), Oryza sativa (Orysa) and Populus trichocarpa (Poptr) is 

shown. 
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Fig. E2 Alignment of type II MADS-box proteins in Physcomitrella 

Alignments of MIKC
C
 (a) and MIKC* (b) protein sequences are shown.  Exon-intron 

junctions are underlined.  For phase 0 introns, the amino acid residues adjacent to the 

donor and acceptor sites are both underlined.  Phase 2 introns are indicated by yellow 

font and the codon that is split by the intron is underlined.  No phase 1 intron is present in 

any of the genes.  (Note:  Three putative insertions have been removed from PPMA5 to 

facilitate comparison with other MIKC* sequences.) 
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a) 

PPM1            MGRGKIEIKKIENTTSRQVTFSKRRGGLLKKAHELAVLCDAEVALVIFSSTGKLFEYASS 60 

PpMADS1         MGRGKIEIKKIENTTSRQVTFSKRRGGLLKKAHELAVLCDAEVALVIFSSTGKHFEFASS 60 

PPM2            MGRGKIEIKKIENTTSRQVTFSKRRGGLLKKAHELAVLCDAEVALVIFSSTGKLFEYASS 60 

PPMC5           MGRGKIEIKKIENPTSRQVTFSKRRGGLLKKAHELAVLCDADVALIIFSSTGKLFEFASS 60 

PPMC6           MGRGKIEIKKIENPTSRQVTFSKRRGGLLKKAHELAVLCDAEVALIIFSSTGKLFEFASS 60 

PpMADS-S        MGRGKIEIKKIENPTSRQVTFSKRRGGLLKKAHELAVLCDAEVALIIFSSTGKLFEFASS 60 

 

PPM1            GSMRDIIERYKKSPNGAMKSGASTDFLGREVVKLQEQVERLKSSQRRMLGEDLSALKVPD 120 

PpMADS1         GSMRDIIERYRKSSDGAVKRGTNTDLLGREVIKLKQQVERLESSQRHMLGEDLSALKVSD 120 

PPM2            GSIRDIIDRYKKGSDG-MQNGARNDFMGCEVVKLREQLEQLKASHRHMLGEDLSLLKVPD 119 

PPMC5           GSMRDILERYSKCPDG-SQTGVNSDFLGREVVKLRQELERLQHSQRHMLGEDLQVLTVPD 119 

PPMC6           GSMRDILERYSKCPDG-VQTDGNSDFMGREVVKLRQQLERLQHSQRHMLGEDLQVLTVPD 119 

PpMADS-S        GSMRDILERYSKCPDG-VQTTGNVDFMGREVVKLRQQLERMQHSQRQMLGEDLQVLTVSD 119 

 

PPM1            LLQLEQQLDLGASRVRARKNQLILEEIEGLQKKEQELMVANEDLRKKIADAE----AVAR 176 

PpMADS1         LLELEQQLDQGASRVRARKNQLILEEIEDLRRKEHELMIANEALRKKIADAEGAAEAAAR 180 

PPM2            LLQLEQQLDLGASRVRARKNQLILEEVESLRRKEHELLIANEDLRQKLADAQG----IAD 175 

PPMC5           LLQLEQQLDMGASRVRARKNQLLLEEIEELRRKEHDLHAVNEELRQRLADVKG--MLSLE 177 

PPMC6           LLQLEQQLDMGVSRVRARKNQLLLEEVEELRRKEHDLQAANEELRQKLADAKG--MLTLE 177 

PpMADS-S        LLQLEQQLDVGASRVRARKNQLLLEEIEQLRQKELDLQAENEDLRKKLAHVKE--TAEVS 177 

 

PPM1            ANLSEARP-ESP-RHLARTLSRDVSASS-HPAATVYP-HPNLRDVQRSQTSLQLGMFSSE 232 

PpMADS1         ANFPDARL-ESP-KPFASDFSRDMSVSS-QLAASVYP-HPNLLQAQRSQTSLQLG----- 231 

PPM2            AVTARANVSESP-RPLTSALTRDIVMSSQQQEVTVHP-HPNLRDAQRSQTSLQLGMFSSE 233 

PPMC5           AGPARAATSGSPGGQGVSAPTHEVGGSSQQQAVTVYPTRINLRDPQTSQTSLHLGLFP-E 236 

PPMC6           AGTARAGTSESPGDQGGSWPTREVGGITQHQAITTFPAHLNLRDPQTSQTSLHLGLFP-K 236 

PpMADS-S        G---HTGTSESP-SQVASASAYETGGIS-AQVTMVYPTHPNLRDPQTSQTSLHLGLFP-E 231 

 

PPM1            SYPPSSSRWPSEQQFPSASEG-----------------------------CAGESSMKWD 263 

PpMADS1         --------WLSEQQIPSTEEG-----------------------------CAGESSLKWD 254 

PPM2            SYLPSSSRGPSEHPIPVGPEG-----------------------------CAGESAMRWE 264 

PPMC5           SFMPSTSRRPSQQ-SPTEPEG--------------------------------ESSMRWE 263 

PPMC6           SHMPSASRRPSQQ-SPTEPEV-------------------LNSCIYALITGAGESSMRWE 276 

PpMADS-S        SFVPNTSRRPSQR-SPTDPEVSWLDSLSIFNLYRPCDLELRVSTICHTFCFAGESSIRWE 290 

 

PPM1            HPHYHIQNRLHANILPSVRI------- 283 

PpMADS1         HPHFHIQNRLHANISPSVRIYKLHVDR 281 

PPM2            HPHFHSQNRLHANISPSVRI------- 284 

PPMC5           HSHYRSQK------------------- 271 

PPMC6           HPHFRSQK------------------- 284 

PpMADS-S        R--YRGQE------------------- 296 
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b) 

PPM7            MGRVKLEIKKIENPTNRQVTYSKRRNGLIKKAYELSVLCDIDLAL-IVFSPSGKLTQYSN 59 

PPMA5           MGRVKLEIKKIENPTNRQVMYSKRRNGLIKKACEYVDLCDIDLHLALVFSSSGKLTQYSY 60 

PPM6            MGRVKLEIKKIENPTNRQVTYSKRRNGLIKKAYELSVLCDIDIAL-IMFSPSGKLTQYSN 59 

PPMA9           MGRVKLEIKKIENPTNRQVTYSKRRNGLIKKAYELSVLCDIDLAL-IMFSPSGKLTQYSN 59 

PPMA10          MGRVKLEIKKIENPTNRQVTYSKRRNGLIKKAYELSVLCDIDVAL-IMFSPSGKLTQYSN 59 

PPMA11          MGRVKLEIKKIENPTNRQVTYSKRRNGLIKKAYELSVLCDVDVAL-IMFSPSGKLTQYSN 59 

PPM3            MGRVKLEIKKIENSANRQVTYSKRRNGLTKKAYELSVLCDIDLAL-IMFSPSGKLTQYSN 59 

PPM4            MGRVKLEIKKIENPTNRQVTYSKRRNGLVKKAYELSVLCDIDLAL-IMFSPSGKLTQYSN 59 

PpMADS2         MGRVKLEIKKIENPTNRQVTYSKRRNGLIKKAYELSVLCDIDLAL-IMFSPSGKLTQYCN 59 

PPMA12          MGRVKLEIKKIENSTNRQVTYSKRRNGLIKKTYELSVLCDIDLAL-IMFSPSGKLTQYCN 59 

PpMADS3         MGRVKLEIKKIENPTNRQVTFSKRRNGLIKKAYELSVLCDIDLAL-IMFSPSGKLTQYCN 59 

PPMA8           MGRVKLEIKKIENPTNRQVTYSKRRNGLMKKAYELSVLCDIDLAL-VMFSPSGKLTQYCN 59 

                 

PPM7            CSIEDVISRFANLPMHERNKSFEDMLTRFANFHMHHDRTKYNRKIENLEYLHKSLKKLNG 119 

PPMA5           C-------------------SFEDMLTRFANFHMHCDRTKYNRRTENLEYFHSSLKTLNG 101 

PPM6            CSIEDVIGRFANLPMHERNKSFEDMLTRFANFHMIHDRNKYNRKIENLEYLHKALKKLAG 119 

PPMA9           CSIEDVIGRFANLPMHERNKSFEDMLARFANFHMIHDRNKYTRKIENLENLHKALKKLSG 119 

PPMA10          CSIEDVITRFANLPMHERNKSFEDMLTRFANYHMIHDRSKYTRKPENLEYLHRALKKLNG 119 

PPMA11          CSIEDVIGRFANLPMHERNKSLEDMLTRFANFHMVHDRSKYTRKPENLEYLHRALKNSNG 119 

PPM3            CSIEDIIDRFANLPTQERNK----------------------RKIENLEYLQKALRKLTG 97 

PPM4            CSIEDIIGRFANLPMHERNK----------------------RKLENLEYLHKALKKLAG 97 

PpMADS2         CSIEEVIARFANLPMHERNKSFEDMLTRFANNQMHHDRSKYTRKIENLEYLHKALKKLAG 119 

PPMA12          SSIEEVIGRFANLTAHERNKSFEDMLARISNSQMNHDPSKYTRKIENLEYLHKALKKLAG 119 

PpMADS3         CSIEEVIARFANLPMHERNKSFEDMLARFSNNHMHHDRSKYNRKVENLEQLQRALKKLAE 119 

PPMA8           CSIEEVIGRFANLSMHERNKSFEDMMTRFSNNQMHHDRSKYNKKVENLEHLHKALKKLAV 119 

 

PPM7            EKDSASNQ-LLLGNKG--YEVGLLQEELKKSQQEKELVQQRARLYLADEQLLQNVTSVQQ 176 

PPMA5           EKDISSNYQLLSGKKS--HEVGLLQEELKSSQQEKELVYRRARLHLADEHLLQSVTSVNQ 159 

PPM6            EKDLVSNQLLLNGSKS--YEVGLLQEELKKSQQEKELVQQRARLYLADEQLLQSITSVHE 177 

PPMA9           EKDPATNQPYLFGSKS--YEVGLLQEELKKSQQEKELVQQRARLYLADEQLLQSVTSVQQ 177 

PPMA10          EKDLAANHQLLTGNKS--YEVGLLQEELKKSQQEKELVQQRARLYLADEHLLQNITSVQQ 177 

PPMA11          EKDLAANHQLLTGSKS--YEIGLLQEELKKSQQEKVLVQQRARLYLADENLLQNITSVQQ 177 

PPM3            EKEWVPNQ-IISGSKS--EEVELLQEELKKTQHEKELIQQRIRLYLADEQLLQSVTSVQQ 154 

PPM4            DKELVSNQ-LISGSKS--YEVGLLQEELKKSQQEKELVQQRARLYLADQQLLQSVTSVQQ 154 

PpMADS2         EKDLVSNQQLLSGSKSSSYEAEVLQQELKKAQQEKELVQQRARLYLADEQLLQGVTSVQQ 179 

PPMA12          EN-LSTKQQPLVGRKSNESETLVLRQELKKAQEAKELVQQRARLYLADEQLLQNVTSVQQ 178 

PpMADS3         EHGLAASQDHLSGSKS-TYEIELLQQELKKAQQEKELVQQRARLYLADEQLLQGVTSVPQ 178 

PPMA8           EQDLVASHQLLSVSKT-TYELE---QELKKSQLEKELVQQQARLYLADEQLLRRVSSVQQ 175 

                 

PPM7            LANMETELEQALERVRARKSYVSSAYQVSSAMQRQQHEFLGNSYQQMMVLRQQQAHQHHH 236 

PPMA5           LANMEAELEQALKLVRTRKSNVSSAYKAANSMQKQQHEFLGNTYQQMIVMRQQ------- 212 

PPM6            LANMETELEQALERVRARKNYVSSAYEAASVMQRQQHEFLGNSYQQMIAMRQQ------- 230 

PPMA9           LANMETELEQALERVRARKTYVSSAYQTANVMQRQQREFLGNSCHQMMAMRQQ------- 230 

PPMA10          LANMETELEQALERVRARKSYVSSAYQAASAIHRQQHEFLGNSYQQMVALRQQ------- 230 

PPMA11          LANMETELEQALERVRARKSYVSNAYQAASAMQRQQHEFLGNSYQQMMALRQQ------- 230 

PPM3            LANMETELEQALERVRTRKAYVTSAYQAVSVMQR-----------QMLALQ--------- 194 

PPM4            LANMETELEQAIERVRARKAYVSSAYEAASVMQR-----------QVMALQVR------- 196 

PpMADS2         LANMETELEQALERVRARKNYVSSAYQTANALQRQQHEFLGNS-LQMMALRQQ------- 231 

PPMA12          LANMETELEQALERVRSRKNYVSSAYQTTHALQRQQHEFLGNS-LQMMALRQQ------- 230 

PpMADS3         LANMESELEQALERVRARKNYVSSAYQ--NVIQRQQHEFLGNS-LQMMALRQQQ------ 229 

PPMA8           LANMETELEQALERVRARKNYVSSAYQTASVMQRRQHEFLGNS-LQMMALRQ-------- 226 

 

PPM7            QQQQQQQQKAQHQHQQQGGIPAAAQQLPFLQWNGAQERPEATLQDFMEQQTNTSQAIVPS 296 

PPMA5           ----QQQQQAHHQN--QGGT---ASQSTFYQWNMA--PGEAALQDFMEQQTNTSRTIVPA 261 

PPM6            ---QQQQQQ----HHQQQQAGMTGTQSSFLQWPVQ-ERGEATLQDFMEQQTNPAAALMPT 282 

PPMA9           ---QQQQQQ----HHHQQRANMAGTQSSFLQWSMA-ERGEATLQDFMEQQTNPAAALMPT 282 

PPMA10          ---QQQQQQQQQQHHHQHQAGIAGTPSPFLQWNMP-ERNEATLQDFMEQQSNPSQAIVPA 286 

PPMA11          ---QQ--------------ADIAGAPSLFLQWNMP-ERGEPTLQDLMEQQSNPSRAIAPT 272 

PPM3            ---AQQQKQ--------QRDTL-GQQPLPLQWNNP-ECGHSMLQEFMDQHANP-QAIVPV 240 

PPM4            ---AQQQQQ--------QQGLSGSTHPPFLQWNNP-ERGEAILQDFMEQQTNS-QSIVPV 243 

PpMADS2         ----QQQQQ--------QQAGMGGTPS-FLHWTMQSERPEPT-QDFMEQQTNSSASLMPA 277 

PPMA12          ----QQQ-----------QAGLAGNQ-LYLQWTMQSDRPGST-QDFFRQQTNPTASLVPA 273 

PpMADS3         ---SQQAQQ--------QQAGMTPSQVPYMHWTMQQERPEPTPQDFMEQQTNPAAPLMHA 278 

PPMA8           ----QQAQQ--------HQAGMAPTQPSFLHWTMQTERSAPTPQDFMEQQTNPPTSLVPA 274 
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PPM7            QM-SREV-VSQREVSPSNNGFFPGTASQSTLHNLGQIGQLVGANRGISMHDMALEQR-GGQ 354 

PPMA5           LK-SREIGSQSG-ASPSLNGFCPRATSQFNLHNLGQMDELVGVNRSLQIYDTPLEQT-DGQ 319 

PPM6            PLASREVP-SSGEANSTG---FFGSASQSSLQSLGHI-NILGGNRGLSIHDMAMDQS-SAQ 337 

PPMA9           PLASREVP-SSGETNPTS---FFGSASQPTLQSLGHI-HILGNNRGLNMHDMAMDQT-SAQ 337 

PPMA10          QM-TRELVVGNGEASPTGNHFFPGAASQSNLHNLGQIGHLVGSNRGLSIHDMALEQP-GGQ 345 

PPMA11          QT-TRELVVSNGKASPTGNHFFPGVASQPNLH-MGEMSQLMASNRGLTMHNLELEQP-AAQ 330 

PPM3            QHMNREM-GSNSEASPSS--FFSQSGSQSNLHNLAGQLNLVGANRGLNIHDMALERSGSGQ 298 

PPM4            QM-NREI-GSSNEAGPST--FFPQTGSQSNLHSLAGQMSLVGVNRGLSIHDMALERS-RGQ 299 

PpMADS2         PLSIRE-PGSNGEANPAAAAYFPAGPQPGALESLRQMG-MAAASRGLTMHEMSLEQPN-GQ 336 

PPMA12          TLASQE-PGSNGESDPASAAYFPAGPQAGALESLRRLG-MATTSRGLPLHGTSVEQPN-GH 332 

PpMADS3         SL-NRE-PGSNGESNP-GVGYFPSGPQPSNMETLRQIG-MGGVSRGLTMHEMSLEQPNVAQ 335 

PPMA8           SL-SRE-LGSEGEANLI-PGYFSASQQHSNLEGLRQVG-MG-VSRGLTMHDMSLEQPNAAH 330 

 

PPM7            HEE--QKKAKLEITKNMGFASS-SSSGGAAAEGSAETNLNQTFNNQTEQVHGNA-NASNW- 410 

PPMA5           YEE--QKKS-LEITKNVGFVSSSSSR-GAVADGTPNINLIQTLAKQTEQAQDNTSP-SSW- 374 

PPM6            YDD--HKKAKLEAS--MGFASSP-GR--AAAEAAADT-----FTNQSE--HGSATN-SNW- 382 

PPMA9           YDD--QKKAKLEVD--MGFASSTS-N-EAVTEAAADS-----FTNQSE--HVSAT-ASNW- 383 

PPMA10          FEDS-QKKAKLEAT--MGFASSS-SS-GAAAEGTAET-----FTNQSEQAHGS-TGASNW- 394 

PPMA11          YDDSG-KKTKLDTN--MGLASSS-SS-DVAAEATAET-----FTNQSVQAHGN-TGGSNW- 379 

PPM3            YDE--QKKSKGGAN--AGFA-SSSSS-GAAAEGSAET-----FTGQSE------PNASNWQ 342 

PPM4            YEDR--KKSKGESN--TGFGASSSSSGAAADQGTGET-----FTGQSEPAHGSAPSASNWQ 351 

PpMADS2         YIEDQQKKAKVEGS--MGFATSSSAA-----EAVSENTVTRD-HQQSEQTDVNG-GAADWP 387 

PPMA12          YNESQQKKAKVEAS--TDFATSTSAAGEATTEGTSETPFTRK-HQQPEQAHGSA-GGADWS 388 

PpMADS3         YSEE-QKKAKVEAS--MGFVTSTSAG-PVGAEAVSKTNFSRE--QQPEQAHGTV-SASEWP 389 

PPMA8           YIEEE-KKGKVEAS--MGFVTSASAA-AVGTEGDSETNLTRV---QSEQAHGI-TNASDWP 383 

 

PPM7            --HQANHQAQAYINSQYPNGFFNQNAD-AWK----- 438 

PPMA5           --LQA------YTSSQYPTGFFGQHAD-GWK----- 396 

PPM6            --HQAHHHAQAYTNSQYPTGYFTQSAD-AWK----- 410 

PPMA9           --HQAHHHTQAYTSPQYPTSYFTQTAE-AWK----- 411 

PPMA10          --HQAHHHAQAYTNSQYPNGFFNQSAD-AWK----- 422 

PPMA11          --HQAHHHAQAYTSPQYSNGFFNQNAD-AWK----- 407 

PPM3            LSHQAHHHMHAYSSAQYPTGFSNQNEE-AWK----- 372 

PPM4            LSHQA-HHAQAYSAAHYPTGYFNQNTD-TWK----- 380 

PpMADS2         -PHPANHHPNAFTNGGLFSSFSQNGHHPAWK----- 417 

PPMA12          -SHPAKHHLNAFTNGNMFADFTQHGYQPGWKKLHEM 423 

PpMADS3         -PHPANHHPHAYGNGSLF--FSQNEHH-AWK----- 416 

PPMA8           -PRPANHHPNALGNGNLF--FSQNGHH-AWK----- 410 
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Fig. E3 Comparison of the MADS domain and K domain in type II MADS domain 

proteins 

Multiple sequence alignments of type II MADS domains (a) and K-domains (b) in 

Physcomitrella are shown.  PPMA5 has been omitted.  Highlighting indicates conserved 

amino acid residues that differ between MIKC
C
 proteins (pink) and MIKC* proteins 

(yellow) but are consistent within each subgroup.  A six-amino acid motif at the C-

terminal end of the MADS domain facilitates distinguishing the sequences of MIKC
C
 

(blue) and MIKC* (green) proteins. 
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Fig. E4 Phylogenetic relationships of MIKC* and type I MADS-box genes 

Rooted WMP trees of the major groups of MIKC* (a) and type I (b) MADS-box genes in 

Physcomitrella are shown.  ML trees (not shown) displayed identical topologies.  

Bootstrap values and posterior probabilities from WMP, Bayesian and ML trees are 

shown left to right. 
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Fig. E5 Exon-intron architectures of MIKC* genes in Physcomitrella 

A schematic diagram of the exon-intron architectures of MIKC* genes in Physcomitrella 

is shown to scale.  Coloured rectangles represent exons (MADS-box - red; I-region - 

yellow; K-box - blue; 3' region - purple).  Introns are represented by black lines. 
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Fig. E6 Evidence for tandem and segmental duplications in Physcomitrella. 

Light blue rectangles represent segments of scaffolds containing duplicated MADS-box 

genes and linked genes (pentagons pointing in the 5'3' direction).  Spaces between the 

black lines represent DNA of the lengths indicated.  (Diagrams are not to scale.) 

(a) Locations of one triplet and four pairs of type II MADS-box genes on five scaffolds.  

MIKC
C 

genes are shown in pink and MIKC* genes in yellow. 

(b) Segment of DNA containing PPTIM4 and PPTIM5 which are oriented in opposite 

directions with approximately 3 kb separating their MADS-boxes. 

(c) PPTIM2 and PPTIM3 (dark blue) and regions (approximately 27 kb and 46 kb 

downstream from PPTIM2 and PPTIM3 respectively) containing genes encoding 

mitochondrial transcription termination factors (green), two similar predicted proteins of 

unknown family (pink), Trehalose-6-phosphate synthase components TPS1 and related 

subunits (purple), and the catalytic subunits of a Serine/Threonine protein phosphatase 

2A (red). 
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Table E1 Ks values for pairs of MIKC* genes and of type I genes in Physcomitrella  

Values within the range corresponding to the polyploidization period that Rensing et al. 

(2007) hypothesized are highlighted. 
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a) 

 PpMADS2 PpMADS3 PPM3 PPM4 PPM6 PPM7 PPMA8 PPMA9 PPMA10 PPMA11 

PpMADS3 1.3660          

PPM3 2.7247   2.5195         

PPM4 2.9161 2.8062 1.1895        

PPM6 2.9355 2.1200 2.3376 2.6994       

PPM7 2.8525 2.6650 1.7761 3.0057 1.9235      

PPMA8 1.2300 0.6251 2.3696 6.4957 1.8269 2.1801     

PPMA9 2.4033 2.1409 3.0209 2.1432 0.6591 1.6025 2.0179    

PPMA10 2.5082 2.2959 1.8274 2.5510 2.5315 1.0426 1.9870 2.1312   

PPMA11 2.0585 1.8256 1.7042 2.5180 2.0370 1.0373 2.2909 1.7168 0.5781  

PPMA12 0.7072 1.3826 3.0200 2.8016 2.8971 2.0746 1.1347 2.5127 2.3394 2.2729 
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b) 

 

 

PPTIM1 PPTIM2 PPTIM4 PPTIM7 

PPTIM3  1.1343 

 

  

PPTIM4 4.8754 

 

   

PPTIM5 2.9636 

 

 0.4900 

 

 

PPTIM8    0.3964 
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Fig. E7 Model of MADS-box gene duplication in Physcomitrella 

A parsimonious duplication model rationalizing expansion of the MIKC* genes (yellow) 

and one clade of MIKC
C
 genes (pink), plus three linked PIP genes (purple) in 

Physcomitrella.  Arrows represent proposed duplication events (black – tandem 

duplication, red – first segmental duplication, plum – second segmental duplication, blue 

– proposed polyploidization).  The black diamond represents an inversion of DNA during 

the second segmental duplication event.  Losses (-) and gains (+) of exons (E) and introns 

(I) are indicated in parentheses after gene names.  Each colour represents a different exon 

or intron. 
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