
1 

Pflanzen und Pilze 
Teil Pflanzen 
1 Form and Function 
1.1 The plant cell 
Why study plants? 
• Plants dominate terrestrial ecosystems. Plants have the 

most amount of biomass but the highest numbers of individ-
uals have bacteria, fungi and archaea. 

• Plants are present in almost all habitats: Arctic, Mountain, 
Desert, Antarctic 

• We could not live without plants (medicine, nutrition 
• Plants are excellent models for fundamental science. Cells 

were first observed in plants, viruses were first purified form 
plants, laws of inheritance first elucidated in plants, effects 
of DNA transposable elements and of RNAi first observed in 
plants, aspects of innate immunity, light signalling (e.g. cryp-
tochromes), conserved signalling pathways (e.g. COP9) 

• Plants are amazing and diverse with unique features and in-
timate interactions with other organisms 

The plant cell 
Both common and unique features: 
 Plants are complex multicellular eukaryotes. 
 Plant cells share many of the same features and components 

as animal and fungal cells 
 Plants have some important fundamental differences to an-

imal cells 
 Plant cells have additional compartments – specifically the 

plastids 
 
 
 
 
 
 
 
 
 
 
 

Has 
three 

ge-

nomes: 
 Nuclear genome 
 Mitochondrial genome 
 Plastid genome 
Variation in nuclear genome size 

 Variation in i) genome content, ii) repeated sequences, iii) 
ploidy, iv) genome reductions 

Bounded by a cell wall, with high turgor pressure 
 Plant cells typically exist in a hypotonic medium, i.e. the ex-

ternal solution has a higher water potential than the internal 
cytoplasm (similar to fungi & many prokaryotes). 

 Inside cell: High solute content: ions, metabolites proteins, 
etc. || Outside cell: Low solute content: mainly ions, few me-
tabolites and proteins 

 Hyoertonic: Water leaves the cell, which shrinks and pulls 
away from the cell wall – plasmolysis. 

 Hypotonic: Water enters the cell, but swelling is limited by 
the cell wall – the cell develops internal hydrostatic (turgor) 
pressure. 

 Cell turgor is essential for the mechanical strength in most 
plants => without: leaves are down instead of upright 

 Create protoplasts: Degrade cell wall enzymatically to create 
protoplasts => Change from isotonic to hypotonic medium 
causes protoplasts to swell and rupture in a few seconds 

Active transport in plants is driven by proton (H+) gradients 
 Plant cells are pho-

toautotrophic but 
need to take up es-
sential mineral nutri-
ents from their envi-
ronment 

 
 
 
 Secondary active 

transport is driven 
by proton co-
transport (symport 
for uptake, antiport 
for extrusion from 
the cytosol) 

 
 
Plants cells grow 
through division and expansion. A leaf mesophyll cell can have a 
volume >30 x that of a stem cell in the meristem. The vacuole has 
an important role in cell expansion, filling up to 90% of the cell 
volume. Cell expansion at low metabolic cost. Diffusion is slow in 
large cells. Large plant cells exhibit cytoplasmic streaming to pro-
mote metabolic processes (e.g. exchange between organelles). 
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Biogenesis of the central vacuole 
 Where does the vacuole come from? Suggestions include the 

endoplasmic reticulum, the autophagy system, the Golgi ap-
paratus 

 Content: Ions (H+, K+, Cl-, NO3-, SO4 -, etc), Organic acids, 
Sugars, Amino acids, Lytic enzymes, 2° metabolites (e.g. pig-
ments) Sequestered toxins/waste 

 Proteins inside the vacuole and transporters/pumps on the 
tonoplast are delivered through the secretory pathway 

 Transporters involved in vacuolar pH regulation. Vacuole is 
ca. pH 5-6 

 Transport of essential and toxic heavy metals 
 Transport of secondary products and xenobiotics 
 Transporters delivering or releasing sugars and carboxylates. 
SUMMARY: What have we learned? 
Plant cells have similar nuclear structure to other eukaryotes, 
plus mitochondrial and plastid genomes. 
Plant cells have 
• smooth an rough ER 
• golgi etc. for intracellular trafficking and endo- and exocyto-

sis. 
• mitochondria for aerobic respiration and energy generation 
• peroxisomes where certain oxidative processes are compart-

mentalized. 
• a cytoskeletal network (actin filaments and microtubules) 

and display cytoplasmic streaming. 
Plants (the Archaeplastida) are unique in having plastids. 
Plant cells have high internal turgor pressure 
Plants have a large central vacuole with a key role in cell expan-
sion growth. 
1.2 The plant cell wall, cell-cell conections 
Plant cell walls and cell-cell connections 
Plants come in amazing shapes and sizes 
Unlike animals, plants do not feature an endoskeleton instead, 
their mechanical stability, integrity, and ultimately their shapes 
are owed to the versatile cell walls encasing their cells. 
Plants cells are encased in cell walls 
Plant cell walls are ubiquitously used as a raw material by hu-
mans. => Construction & Fuel, Clothing & textiles, Paper & pack-
aging 
What do cell walls consist of? 
Plant primary cell walls (PCWs) consist of three different types of 
polysaccharides, each of which confers specific functionalities: 
 Cellulose (15-40%) 
 Pectins (30-50%) 
 Hemicelluloses (20-30%) 
 
 
 
 
 
 
 
 
 
Cel-
lu-
lose 

Cellulose is the main structural component of the cell wall and 
confers most load-bearing and tensile strength. 
Cellulose consists of β(1-4)-linked glu-
can chains. chains can crystallize into 
microfibrils, which can further assem-
ble into bundles.  
Freeze-fracture electron microscopy al-
lows one to visualize membrane surfaces and even the inner part 
of the lipid bilayer with great detail. 
Cellulose synthases 
(CESAs) are glycosyl-
transferases that use 
the substrate UDP-
Glucose to synthesize 
cellulose chains. 
Crystal structure of bacterial CESA: a cytoplasmic catalytic do-
main anchored in the plasma membrane via 8 transmembrane 
helices. Elongated chains are translocated through the mem-
brane. 
The terminal complexes in plants were 
shown to be Cellulose Synthesis Complexes 
(CSCs), which appear as rosette-like struc-
tures with hexagonal geometry, i.e. six 
“lobes”, using electron microscopy. Each of 
the six CSCs lobes consists of three CESA 
subunits, each of which produces one cellulose chain. 
The transmembrane channels translocating the individual glucan 
chains of each CESA subunit are curved towards the CESA trimers’ 
centre.  
This facilitates interactions between the extruded chains via hy-
drogen bonding and Van der Waals forces upon release into the 
extracellular space, thus the formation of paracrystalline cellu-
lose microfibrils. 
CESAs are synthesized at the ER and transit through the Golgi net-
work. Assembled CSCs are transported to the plasma membrane 
in specialized post-Golgi compartments. 
CSCs indeed move over the cell’s surface... 
Several protein factors are associated with the CSCs and modu-
late their activity and movement under different 
circumstances. 
CSCs move along cortical microtubule (MT) tracks. This is likely 
facilitated via interactions with other MT-interacting proteins. 
CSI1 (also called POM2) interacts with the CESAs stalk and ap-
pears to regulate the movement of the CSCs along MT tracks. In 
its absence, CESAs move erratically. 
Pectins 
Pectins are thought generate a viscoelastic matrix in the PCW, 
and to be important for wall remodelling during cell expansion. 
Pectins are structurally complex and heterogenous polysaccha-
rides rich in galacturonic acid. Stretches of different pectin types 
are covalently linked in the PCW, and the length of such stretches 
range from short (4-10 sugar residues) to intermediate (up to 300 
residues). 
Pectins are synthesized in the Golgi apparatus and successively 
modified as they move through the cisternae. They are finally de-
livered to the cell wall in vesicles. 
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Hemicelluloses 
Hemicellulose was long thought to strengthen cell walls by inter-
acting with and thereby cross-linking cellulose microfibrils 
(“sticky network model”). Alternatively, hemicellulose may act as 
a spacer, rather than as a linker, between cellulose microfibrils. 
Mediating interactions and separations: Hemicelluloses 
Hemicelluloses - a heterogenous family of branched and un-
branched polysaccharides with mostly β-(1,4)-linked backbones. 
They comprise xyloglucans, xylans, mannans and glucomannans, 
and mixed-linkage glucans. Like pectins, hemicelluloses are as-
sembled in the Golgi apparatus and subsequently transported in 
vesicles to the cell surface, where they are incorporated into the 
cell wall. 
 
Plant primary cell 
walls consist of cellu-
lose, synthesized by 
mobile CESAs in CSCs, 
delivered to and re-
trieved from the 
plasma membrane by 
exo-and endocytosis. 
At the same time, 
pectins and hemicelluloses (matrix glycans), manufactured in the 
Golgi apparatus are trafficked to the cell surface in exocytotic 
vesicles. 
Cell division 
The presence of a physical wall between cells represents a 
challenge to basic organismal functions. Plants are multicellular 
organisms. Development and growth requires repeated cell 
division. Due to the presence of a rigid cell wall, cytokinesis is 
fundamentally different in plants compared to animals. Plant 
cells divide from the inside; following telophase, a new primordial 
cell border, called the cell plate, is established to separate the 
daughter cells. Cell plates assemble from fusing Golgi-derived 
vesicles containing cell wall 
material. Resultant cell plates 
are membranous, cell-wall 
polysaccharide-filled tubules 
that expand, form an almost 
continuous sheet, and fuse with 
the parent cell wall. Positioning 
and establishment of the cell 
plate is regulated by a 
cytoskeleton structure called the phragmoplast, which arises 
from the spindle MTs and subsequently expands laterally. 
Positioning and establishment of the cell plate is regulated by a 
cytoskeleton structure called the phragmoplast, which arises 
from the spindle MTs and subsequently expands laterally. The 
phragmoplast guides the traffic of vesicles with cell wall material 
to the cell plate. The cell plates’ polysaccharide composition 
differs from that of mature cell walls. They have high pectin 
content, but are devoid of cellulose. Instead, they are rich in a 
related polysaccharide: Callose. Callose consists of β(1-3)-linked 
glucan chains and is – like cellulose – made from the substrate 
UDP-Glucose. 

Like cellulose, callose biosynthesis is catalysed directly at the 
membrane by membrane-anchored enzymes: Callose synthases 
(CalS). Like the CESAs, the CalSs assemble into heteromultimeric 
complexes and secrete their product through the membrane 
they are inserted in. Callose appears to be essential for 
cytokinesis. 
Cell-cell communication 
The presence of a physical wall between cells presents a 
challenge to basic organismal functions. Plants are multicellular 
organisms. Development and growth requires repeated cell 
division. Although their cells are separated by physical walls, 
plant cells need to communicate with each other. During 
formation of the cell plate, the plant cell membrane and tubules 
of ER become trapped in the growing cell plate. These are 
constricted and develop into cytoplasmic bridges connecting the 
daughter cells: Plasmodesmata (PD). Mature PDs provide both 
cytoplasmic continuity and, via 
desmotubules, ER-connectivity 
between cells: supracellular 
properties… 
Most molecules assumed to 
move through PDs via diffusion, 
dictated by the size exclusion 
limits (SEL) of the pores. Small 
molecules (sugars, organic 
acids, amino acids, ions can 
easily pass through). For larger molecules it depends… The SEL is 
subject to large variability depending on tissue type, 
developmental stage, and active modulation.  

Some molecules larger than the SEL still move via PDs. 
Conversely, some small molecules below the SEL do not move as 
expected. This suggests that transport across PDs is selectively 
and actively controlled for certain substances. 
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Cell division and expansion 
The presence of a physical wall between cells 
represents a challenge to basic organismal func-
tions. Plants are multicellular organisms. Devel-
opment and growth requires repeated cell divi-
sion. Although their cells are separated by phys-
ical walls, plant cells need to communicate with 
each other. Most plant growth is via cell expan-
sion. Most plant cells expand anisotropically 
(not uniformly in all directions). Expansion is 
driven by turgor pressure, guided by the me-
chanics of the cell wall. 

Differential cell 
expansion ex-
plains most of 
the massively different cell vol-
umes and shapes observed in 
plants 
 
 

Anisotropic expansion - currently assumed to be the result of 
multifactorial modifications to the cell wall properties and depo-
sition of new cell wall material. 

Plant cell walls can be remodelled ‘in muro’ – transglycosidases 
can cleave and re-ligate cell wall polysaccharides. Further, expan-
sin proteins, which lack enzymatic activity can aid cell wall expan-
sion by locally reducing non-covalent interactions between wall 
polysaccharides, allowing the polymers to slip and glide along 
each other (“polymer creep”). These proteins act at low pH con-
ditions and cell expansion is often linked with local acidification. 
Additional reinforcement of the cell wall: Secondary cell walls 
For plants to reach their extraordinary dimensions, high mechan-
ical support is necessary. This is achieved by the deposition of 
secondary cell walls (SCWs) by certain cells when they have 
reached their final size. 
Generally, SCWs are formed only in certain cell types, once they 
have reached their fully mature size. SCWs are characterized by 
a different polysaccharide composition, and confer higher stabil-
ity and rigidity. A typical SCW is rich in cellulose (40-80%), con-
tains hemicellulose (10-40%), but is poor in pectin. Instead, it 
contains another polymer: Lignin (5-25%). 
Lignin is a heterogeneous phenolic polymer composed of p-hy-
droxylphenyl (H), guaiacyl (G), and syringyl (S) units that oxida-
tively polymerize from monolignol precursors directly within the 
cell wall. 

The deposition of lignin 
into SCWs confers rigidity. 
Lignin co-evolved with the 
adaptation of plants to a 
terrestrial lifestyle, and is 
thus likely reflecting the 
need for higher mechanical 
support for an erect 
growth pattern. 
The bigger a plant, the 
more strain is exerted on 
its vascular system; xylem vessels are reinforced by lignin depo-
sition to prevent their collapse. 
The cellulose in SCWs is made by CSCs with different CESA subu-
nit isoforms than the cellulose of PCWs. The physical characteris-
tics of SCW cellulose differs from the PCW cellulose by higher 
crystallinity and aggregation. This is likely due to an increased de-
livery of CSCs to the site of SCW biosynthesis, followed by direc-
tionally coherent movement of the dense CSC crowds. 
Cortical MTs are radically re-arranged during induction of SCW 
biosynthesis. 
SUMMARY: What have we learned? 
Plant cell walls are critical for their integrity, allowing high inter-
nal hydrostatic pressure. 
The major components of the primary cell wall are cellulose, 
pectins and hemicellulose 
Despite the presence of cell walls, plant cells need to be able to 
divide, communicate, and grow. 
 Plant cell division involves the establishment of a new pec-

tin- and callose-rich cell wall via the cell plate. 
 During cell plate formation, cytoplasmic gaps are retained 

and give rise to plasmodesmata that connect cells. 
 Subsequent cell growth is enabled by controlled loosening of 

the cell wall and turgor-mediated expansion. 
 Cell growth is typically anisotropic, giving rise to diverse cell 

shapes. 
Some cells produce secondary cell walls, which are mostly asso-
ciated with woody tissues. 
Secondary cell walls have increased amounts of cellulose and are 
rigidified with hydrophobic lignin, deprived from the aromatic 
amino acid phenylalanine 
1.3 Plant tissues and organs 
Plants come in amazing shapes and sizes 
Plants are capable of producing an astonishing diversity of sizes, 
body plans, and organs. 
This is the cumulative outcome of developmental programs that 
are genetically determined but also environmentally modified. 
Plant bodies: Overview 
Definitions: 
 Parenchyma cells; a catch-all term referring to. The "filler" 

tissue in the soft parts of plants. 
 Collenchyma cells; typically elongated, with thicker primary 

walls (e.g. heavy pectin deposits) to provide extra mechani-
cal support in new growth. 

 Sclerenchyma cells; typically elongated with thick lignified 
secondary walls to provide structural support in woody tis-
sues. Often die upon maturation. 
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Like animals, plant bodies hierarchically consist of: 
Cells 
Tissues: Groups of cells consisting of 
one or more cell types that together 
perform a specialized function 
 Three different basic tissue types in 

plants: Dermal, vascular, and 
ground tissue 

 These tissue types each form a tis-
sue system that is continuous 
throughout the plant body. 

Organs: Several types 
of tissues that together 
carry out particular 
functions. 
 Unlike animals, 

plants continu-
ously form new or-
gans throughout 
their life. This is 
possible via the ac-
tivity of stem cells 
in niches called 
meristems. 

 
The plant’s root system is typically important for 
 anchorage to the substrate 
 acquisition of water and mineral nutrients 
 nutrient storage 
 Perennation 
 asexual reproduction 
 
The plant’s shoot carries two basic organs for nutrient assimila-
tion: 
 Leaves: Main photosynthetic organs 
 Stems: Determine shoot architecture & orientation to max-

imize photosynthesis by the leaves. 
The shoot also gives rise to the plant’s reproductive organs (flow-
ers/fruits, asexual propagules). 
 
Roots and shoots have direct access to different resources that 
are essential throughout the plant. The plant’s vascular system 
serves to distribute the different resources acquired / synthe-
sized by roots and shoots according to availability and needs. The 
vascular system also serves as a route of communication be-
tween different plant parts and organs, transporting signals from 
A to B. 

 
 

The shoot: On the bright side of a plant’s life 
The basic functional unit of a plant shoot consists of a stem seg-
ment (internode) with a leaf and associated axillary meristem 
(node), together called the phytomer. 
Different shoot architectures and organs are the result of varia-
ble numbers of phytomers, the timing of their formation, and 
their developmental fates 

 
Leaves are among the most versatile plant organs as they are 
adapted to fit various lifestyles and fulfil different purposes. 
“Normal” green leaves are the main source of photosynthesis in 
plants. Their shapes and arrangements along the stem (called 
“phyllotaxy”) influence the plant’s light absorbing capacity. 
 
In its commonest form, a leaf con-
sists of a flattened blade and a pet-
iole (stalk) connecting the leaf to 
its node. 
 
 
Leaves are multi-layered structures with many distinct cell types. 
 Dermal tissue: Epidermis incl. trichomes, cuticle, stomata 
 Ground tissue: Mesophyll cells 
 Vascular tissue: Xylem & phloem) 

 
A leaf’s dermal tissue is in direct contact with the environment. 
It thus serves 
 As a first physical barrier to the outside world. 
 To controlling the exchange of molecules with the outside: 

Gas exchange (CO2, O2, H2O; 
Leaf surfaces are covered in a water-tight layer: The waxy cuticle. 
The cuticle is an extracellular matrix that is covering the outer 
surface of epidermal cells. It consists to a large extent of a fatty 
acid polymer called cutin as well as phenolics and waxes and in-
teracts tightly with the epidermal cell wall. 
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The cuticle serves as a physical barrier; for water to restrict tran-
spiration, and to pathogens. 

The cuticle is also important to separate plant organs from each 
other during organogenesis. Mutants defective in cuticle for-
mation frequently display organ fusions. 
The surface of leaves is not “naked”. It bears structures called tri-
chomes, or leaf hairs, that are usually involved in protecting the 
underlying tissues from various abiotic and biotic environmental 
dangers. 

Trichomes can help control the rates of gas exchange over the 
leaf epidermis… But really governing gas exchange are the sto-
mata. 

Stomata are actively controlled epidermal pores connecting the 
airspaces inside the leaf with the outside air. 

Stomata are built by two 
connected, tubular cells 
called the guard cells. The 
stomatal opening can be ad-
justed by expansion and 
shrinkage of the guard cells. 

Guard cells integrate a variety of endog-
enous and environmental stimuli: 
 light quality 
 water availability and humidity 
 temperature 
 CO2 concentration 
 hormones 
 pathogen effectors 
 ... 
These are ultimately translated into an osmotic response affect-
ing the turgor pressure of guard cells. 
 
The guard cells’ cortical microtu-
bules (MTs) are circumferentially 
oriented. Cellulose microfibrils are 
circumferentially oriented… 
 
 
 
The guard cells’ cortical microtubules (MTs) 
are circumferentially oriented. Cellulose 
microfibrils are circumferentially oriented, 
restraining radial expansion with increased 
turgor. The cell wall is thicker on the inner 
side of the guard cell, so the cell changes 
shape… 
 
 
Increasing turgor pressure thus induces longitudinal cell expan-
sion and uneven curvature, opening the gap between the two 
elongated guard cells (and thus increasing stoma size). This is re-
versible and can happen many, many times. 

Both guard cells and trichomes are eas-
ily accessible and observable... 
The are non-randomly distributed over 
leaves’ surfaces. 
This has rendered them popular model 
systems to study cell differentiation, 
morphogenesis, and patterning. 
 
 
Trichomes are the first epidermal cells undergoing specification 
in young developing leaves. Their specification is governed by an 
interplay of many transcription factors. 

Similarly, the formation of a 
functional stoma is depend-
ent on a complex develop-
mental sequence of cell 
specification and differenti-
ation. 
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By opening and closing, stomata allow controlled gas exchange 
between the atmosphere and the main photosynthetic tissues in-
side the leaf: The mesophyll cells. These cells are specifically ar-
ranged to enable effective gas exchange via 
stomata. 

Leaves typically contain two types of mesophyll tissues: 
 palisade mesophyll: cylindrical, regularly arranged cells 
 spongy mesophyll: irregular, porously arranged cells 
The arrangement of cells in these layers facilitates efficient light 
absorption and is dependent on the light levels that a leaf is ex-
posed to. 

 
 
 
 
 
 

The root: The plant’s belowground business 
Like leaves, roots are morpho-
logically variable and serve dif-
ferent functions. 
Most roots grow below the soil 
surface... Roots grow at their 
tips. Different zones can thus be 
found along a growing root’s 
length. The primary root func-

tion - to supply the plant with water and 
nutrients – happens close to the root 
rips. 
 
Absorption of water and nutrients oc-
curs primarily via root hairs close to the 
root’s tip. 
 

Like leaves, roots consist of 
three basic tissue types: 
 Dermal tissue: Epidermis, 
incl. root hairs 
 Ground tissue: Cortex & en-
dodermis 
 Vascular tissue: Xylem & 
phloem, pericycle 
Root hairs are outgrowths of 
the epidermis. 
 
 

 

Root hairs are single epidermal cells that elongate to 
 help anchoring the plant to its substrate 
 expand the root’s surface area for water and nutrient ab-

sorption 
 increase the exploitable soil volume. 
Weizen hat sehr viele root hairs (Granen an der Ähre) 
 
Root hairs develop in the root’s differentiation zone. Their pat-
terning can be differentiated into three types. 

 
Root hairs grow at their tips; this is accompanied by tip-localized 
oscillating Ca2+ bursts. 
Golgi-derived vesicles containing cell wall components are 
moved along the actin cytoskeleton to the growing tip. The 
high Ca2+ concentration at the tip depolymerizes actin and facil-
itates delivery of the vesicles with the plasma 
membrane. 

 
Contrary to root hairs, lat-
eral roots arise from the 
root’s inner tissues. 
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The Casparian strip is a belt of 
modified primary cell wall sur-
rounding endodermal cells. The lo-
cal lignification impregnates and 
fills up the entire space between 
adjacent cells, thus effectively fus-

ing them and creating a barrier to apoplastic transport. 
SUMMARY: Plant bodies 
 Plants consist of cells that form tissues that form organs. 
 Dermal, vascular, and ground tissues are three basic tissue 

types forming a continuum over entire plant bodies. 
 Plant bodies consist of three basic plant organs: Roots, 

stems, and leaves. Generally, stems and leaves together 
form the aboveground part (the shoot), whereas roots form 
the plant’s belowground part. 

 Roots and shoots both acquire essential - but different – re-
sources for the plant. The plant’s vascular system distributes 
these resources between places they are produced/acquired 
(source) and places they are required (sink). 

SUMMARY: The shoot 
 Plant shoots consist of the basic organs stems and leaves 

that together govern photosynthesis. During reproductive 
growth, they produce flowers and fruits. 

 Leaves are multi-layered structures that are optimized for ef-
fective protection and for photosynthetic function. 

 The leaf epidermis contains trichomes (e.g. as protective 
structures) and stomata, which control gas exchange 
through the otherwise largely impermeable surface (waxy 
cuticle). 

 The leaf’s two epidermal layers encase the mesophyll cells 
(major site of photosynthesis) and the vasculature. 

SUMMARY: The root: 
 The plant’s belowground part consists of a branched root 

system. 
 Roots are multi-layered structures that anchor the plant to 

their substrate. 
 Roots absorb water and minerals for the plant primarily via 

root hairs, which are tip-growing epidermal outgrowths. 
 Uptake of ions is typically via secondary active uptake Roots 

control the passage of molecules into the vasculature via the 
Casparian strip. 

2 Reproduction and development 
2.1 Plant development 
Embryogenesis: Early pattern formation 
Embryogenesis is the process that gives rise to a multicellular em-
bryo from a single fertilized cell: The zygote. This process requires 
controlled cell division and cell fate divergence, and establish-
ment of body axes. 

Live cell imaging of in vitro cultivated Arabidopsis ovules allows 
early embryogenesis to be observed in real-time. 

The very first division of the plant zygote is asymmetric and de-
termines the apical-basal axis of the developing embryo. 

Several rounds of coordinated cell divisions then give rise to a 
multicellular and multi-layered plant embryo. 
 The apical cell (AC) produces the embryo proper (EP) – which 

will eventually give rise to most of the seedling 
 The basal cell (BC) undergoes transverse divisions to produce 

the suspensor and parts of the root. 
 
Several rounds of coordinated cell divisions then give rise to a 
multicellular and multi-layered plant embryo. 
A complex process requiring: 
 Cell divisions 
 Cell fate divergence 
This is a very delicate stage of plant development! 
A lot can go wrong during plant embryogenesis. 
A mutant lacking a regulatory protein needed for proper organi-
sation of microtubules, important during cell division. 
The establishment of correct cell division planes is essential for 
normal embryogenesis. 
 
Patterns of cell divisions are required, but not sufficient to build 
a functional embryo. 
This also requires appropriate cell specification. 
 Cells with different fates express different genes including 

homeotic genes (e.g. homeobox genes). 

 
Positional information is a key part of cell fate determination. 
 Position relative to the maternal tissues 
 Position within the embryo (internal/external) 
 Positional information derived from cell-cell communication 

(e.g. proteins, miRNAs) 
 Positional information derived from Morphogenetic Gradi-

ents (e.g. plant hormones, auxin, cytokinin, gibberelins) 
 
In the developing embryo, PIN polarization leads to differential 
auxin accumulation, thus inducing differential gene expression in 
different cell types. 
Aberrant PIN localization leads to abnormal auxin gradients and 
thus abnormal embryogenesis. 
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Auxin: A plant hormone allrounder 
A plant hormone allrounder influences transcriptional programs 
in the context of many plant developmental stages 
Auxin (indole-3-acetic acid, IAA) is a derivative of tryptophan. 

 
Perceived changes in auxin levels are translated into cellular re-
sponses via the modification of transcriptional programs. 
Auxin is a weak acid. Once inside the cell, it cannot freely move 
across membranes. Auxin movement is regulated by efflux trans-
porters, particularly the family of PIN-FORMED (PIN) proteins. 
PIN proteins are frequently polar localised on the plasma mem-
brane. Polar auxin transport can cause gradients in auxin accu-
mulation and elicit transcriptional responses in selected re-
gions/cells 
Auxin levels can be visualized using a synthetic auxin-responsive 
promoter: DR5 

 

 
Plants produce most organs post-embryonically 
 
 
Meristems: Overview 
Post-embryonic organ formation happens via meristems 
Meristem contain stem cells that reiteratively initiate new organs 
The RAM and SAM are established during embryogenesis 
They are responsible for primary root and shoot growth 

During post-embryonic 
growth, the RAM gener-
ates the plant’s root sys-
tem. 
Axillary meristems are es-
tablished during postem-
bryonic growth and sig-
nificantly contribute to 
differences in species’ 

growth habits and individuals’ plasticity via the formation of 
branches. 
The vascular cambium and cork cambium are also established 
during post-embryonic growth and mediate secondary growth: 
An increase in width. 
Organ formation requires a careful balance between stem cell 
maintenance and cell proliferation/differentiation. Stem cells in 
the SAM are maintained in a stem cell niche called the central 
zone allowing indeterminate growth. 

 
The functional domains of the SAM are maintained under the in-
fluence positional cues, such as transcription factors whose avail-
ability is defined by restricted expression and non-cell autono-
mous behaviour. 
 On one hand, CLV3 suppresses WUS transcription. 
 On the other hand, WUS induces CLV3 expression. 
 Together, this functional negative feedback loop both main-

tains and restricts the size of the stem cell pool. 
 Numerous additional factors are involved in the fine regula-

tion of this feedback loop 

 
Mutants of CLV3 (clv3 mutants) produce enlarged SAMs and flo-
ral meristem overgrowth. Mutants of WUSCHEL (wus mutants) 
fail to maintain the SAM, resulting in aberrant, delayed shoot de-
velopment. 
The SAM: The shoot’s organ factory 
Meristems produce new organs in an organised way, thereby de-
fining the plant’s appearance. The orientation in which leaves are 
arranged on a plant’s stem is called phyllotaxis. 
Most plants display a spiral pattern with a divergence angle of 
137.5° (the “golden angle”), determined by the positioning of pri-
mordia by the SAM. 
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During post-embryonic growth, the SAM initiates leaf formation 
by continuously producing precursors called primordia. 
During reproductive growth, the SAM, sometimes called inflo-
rescence meristem (IM), produces floral meristems (FMs), 
which in turn give rise to flowers. => Auxin regulate positioning! 
Induction of flowering; a key developmental transition in plants. 
Auxin, made in differentiating tissues is transported acropetally 
towards the meristem in the outermost cell layer. 
The induction of primordia at the SAM is preceded and presum-
ably triggered by the local formation of auxin maxima. 

Polarized PIN1 localization directs 
the auxin towards pre-existing pri-
mordia, which thus act as sinks. De-
pletion of auxin around pre-existing 
primordia creates a new maximum 
at the site most distant to the pri-
mordia. This new maximum will de-
termine the initiation site (I1) of the 
next primordium. 
 

After primordium initiation, PIN1 polarization and thus auxin flow 
is re-directed to deeper cell layers. This specifies the positioning 
of the developing leaf’s midvein and is guided by the pre-existing 
vasculature. Thereafter, auxin flows basipetally towards the root. 

 
Auxin signalling is essential to meristem func-
tioning. Inhibition of auxin transport disturbs 
organogenesis. 
External provision of auxin reconstitutes pri-
mordium formation. 

 
The formation of leaf primordia at the meristem flank confers in-
herent asymmetry, which translates into leaf polarity. 
Axillary meristems: Branching & Plasticity 
Shoot branches are formed from axillary meristems (buds). These 
are formed in the axil of developing leaf primordia. The exact 
origin of the axillary meristems is a matter of debate. 

Axillary meristems can stay dormant, i.e. 
subject to apical dominance, or give rise 
to shoot branches. Their outgrowth is 
tightly controlled by a variety of signals. Apical dominance pre-
vents the outgrowth of axillary buds. 
Auxin regulate apical dominance! 
Auxin is produced in the apex and transported downwards, 
where it inhibits outgrowth of axillary buds. Also implicated in the 
control of axillary bud outgrowth… 
 Cytokinins (from the root) 
 Strigolactones (acting locally) 
 Sugar signals (sucrose from the shoot) 

 
Vascular & cork cambium: Secondary growth 
An increase in stem width over development as seen in woody 
plants requires the activity of two cylindrical secondary meri-
stems: 
 vascular cambium: producing secondary vasculature (Holz) 
 cork cambium (Kork) 

 
SUMMARY: Embryogenesis 
 Embryogenesis produces a multicellular embryo out of a fer-

tilized zygote. The very first cell division already establishes 
the embryo’s the apical-basal asymmetry. 

 The basal of the two cells generates the suspensor and a 
small part of the developing embryo’s root, while the apical 
cell undergoes complex cell divisions giving rise to most of 
the embryo proper. 

 Cell specification in the developing embryo is accompanied 
by hormone signalling and the differential expression of ho-
meotic genes, leading to different patterns of gene expres-
sion. 

 Positional cues are important in cell specification. Auxin is an 
important hormone in plant development, including embry-
ogenesis. 

 Auxin accumulates in certain cells due to directional 
transport via PIN transporters. There it triggers cascades of 
transcriptional responses via de-repression of ARF transcrip-
tional activators. 
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SUMMARY: Meristems 
 Meristems are stem-cell containing tissues that can continu-

ously give rise to new organs. Stem cell maintenance and cell 
differentiation are highly regulated. 

 The RAM and SAM are apical meristems already established 
during embryogenesis. They are responsible for primary 
growth of the root and shoot systems, respectively. 

 Auxin is an important hormone in plant development. Its 
transient accumulation in certain cells due to directional 
transport via PIN transporters triggers transcriptional re-
sponses and organ formation, resulting in phyllotactic pat-
terns. 

 Axillary meristems are produced post-embryogenesis. Upon 
integration of intrinsic and environmental signals, they can 
grow into a shoot branch. 

 The vascular and cork cambia allow secondary growth to in-
crease plant width. 

2.2 Plant reproduction 
Plant (angiosperm) reproduction 
 Sexual reproduction brings benefits to plants in terms of ge-

netic variation in subsequent generations. 
 Plants are sessile, so how do individuals get together to re-

produce sexually? 
 Primitive plants rely on water as a medium to bring gametes 

together and have motile spores. However, this restricts 
them in their habitats. 

 Higher plants have adapted to colonize many environments 
and are no longer dependent on water to bring their gam-
etes together – a myriad of processes have evolved that en-
able them to reproduce sexually. 

Flowers, double fertilization, and fruits are unique features of the 
angiosperm life cycle 
Plant lifecycles are characterized by the alternation between a 
multicellular diploid (2n) and haploid (n) generations 
Tree: a macroscopic diploid sporophyte 
Hidden… the microscopic haploid gametophyte 

 
Flowers: 
Flowers are the sexual reproductive structures of plants and are 
frequently on display! Pollen sacks adhering to the head of the 
male Dasyscolia ciliate wasp after attempted copulation with the 
flower 

1. Complete flowers contain all four floral organs 
2. Incomplete flowers lack one or more floral organs. 
3. Clusters of flowers are called inflorescences 
 
 
 
 
 
1 
 
 
 
 
 
2 
 
=> see Gametogenesis 
=> see Pollination 
 
Double fertilization: 
The discharge of two sperm from the pollen into the embryo sac 

 
=> see Pollen tube growth and guidance 
=> see Embryo Development 
=> see Endosperm Development 
=> see Mature seeds 
 
Fruits: 
 A fruit develops from the ovary 
 It protects the seeds and/or aids in 

dispersal by wind or animals 
 At maturity fruit may be fleshy if 

the ovary thickens and becomes soft and sweet, or dry if the 
ovary tissues beceme dessicates. 

 Fruits are also classified by their development 
 Simple, a single or several fused carpels 
 Aggregate, a single flower with multiple separate car-

pels 
 Multiple, a group of flowers on an inflorescence 

 
=> see Seed dispersal 
=> see Mechanisms 
Preventing Self-Fertili-
zation 
=> see Flowering 
plants also reproduce 
asexually 
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Life cycle – overview 

 
Gametogenesis 
Pollen Development 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mature pollen grains are surrounded by a tough coat consisting 
of two cell walls 
Internal wall: ‘intine’ 
 Mainly callose and cellulose deposited by the vegetative cell 
 Elongates along with the growing pollen tube upon germina-

tion 
External wall: ‘extine’ 
 Rich in phenolic compounds and very resistant 
 Produced by tapetal (sporophytic) cells 
 Often has species-specific shape 
 Splits upon pollen germination  
 

 
 
 
 

Embryo Sac Development 

1. Three uninucleate antipodal cells 
(n). 2. One binucleate endosperm 
mother cells (n + n). 3. Two uninucleate 
synergid cells + one egg (n). 
 
 
 

Pollination 
 Pollination is the transfer of pollen from an anther to a 

stigma (of the same flower, or of a different flower) 
 Pollination can be 

o by wind – many trees and grasses 
 Hazel is wind-pollinated, requiring the production 

of large amounts of pollen 
 Cedar is wind-pollinated, casing many allergic peo-

ple to suffer 
o by water – some aquatic plants 

 Sea grass: pollen release into the sea water 
o by animals – most angiosperms 

 Blowfly on carrion flower 
 Moth on yucca flower 
 Long-nosed bat feeding on cactus flower at night 
 Hummingbird drinking nectar of columbine flower 
 
• Coevolution: evolution of interacting species in re-

sponse to changes in each other 
• Many flowering plants have coevolved with specific 

pollinators 
• The shapes and sizes of flowers correspond to the 

pollen transporting parts of their animal pollinators 
o passive – e.g. in self-polinating plants 

 Arabidopsis self-pollinates so pollination is passive… 
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Pollen tube growth and guidance 
Pollen tubes display rapid and prolonged tip growth – unusual for 
plant cells – depositing pectin and callose 

 
 
 
 
 
 
 
 
 
 

Embryo Development 

 
 
 
 

Seed Development, Form, and Function 
 After double fertilization, each ovule develops into a seed 
 The embryo (derived from the zygote) and endosperm (de-

rived from the fertilized central cell) are enclosed by a seed 
coat (derived from the maternal integuments) 

 The ovary typically develops into a fruit enclosing the seed(s) 
 Seeds of many species enter a state of dormancy 
 Mature, dormant seeds are often desiccated (5–15% water) 
Endosperm Development 
Endosperm development usually precedes embryo development 
In many eudicots, the endosperm reserves are exported to the 
cotyledons of the embryo 

 
Mature seeds 
Endosperm development usually pre-
cedes embryo development 
In many eudicots, the endosperm re-
serves are exported to the cotyledons 
of the embryo 
In some eudicots and many monocots, 
the endosperm stores nutrients for use 
by the germinated seedling 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Dormancy and germination 
 Seed dormancy increases the chance that germination oc-

curs at a time & place suitable for seedling growth 
 Breaking seed dormancy often requires environmental cues 

(e.g. temperature, light, chemical signals) 
 Germination depends on imbibition - the uptake of water 

due to low water potential of the dry seed. 
 Radicle (embryonic root) emergence is generally viewed as 

the moment of germination. 
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Seed dispersal 
 by wind… 

 Dandelion “seeds” (one-
seeded fruits, sepals form the 
pappus) 

 Winged fruit of a maple 
 Alsomitra macrocarpa, a climbing gourd producing 

winged seeds 
 Tumbleweed 

 by water… 
 Coconut seed inside a buoyant husk 

 by animal courier 
 Squirrel hoarding seeds or fruits underground 
 Fruit of puncture vine (Tribulus terrestris) 
 Seeds dispersed in black bear feces 
 Ant carrying seed with nutritious "food body" to its 

nest 
 by force! 

 Violets, Touch-Me-Nots, and Squirting Cucumbers 
doing ‘Ballistochory’. 

Mechanisms Preventing Self-Fertilization 
Many angiosperms have mechanisms that make it difficult or im-
possible for a flower to self-fertilize 

 
Dioecious species have stam-
inate and carpellate flowers 
on separate plants 
 
 

 
Others have stamens and 
carpels that mature at dif-
ferent times or are ar-
ranged to prevent selfing 
 

The most common is self-incompatibility, a plant’s ability to reject 
its own pollen 

Yet surprisingly many angiosperms remain self-fertile or even 
specifically self-pollinate 
 Reduced genetic diversity 
 No new characteristics or speciation 
 Undesirable characteristics are not eliminated 
 Lower resistance to diseases 
 Progeny shows less vigour due to continuous self pollination 
 Reduced investment in pollinator attraction 
 Higher rates or guarantee of pollination 
 Advantageous when pollinators are scarce 
 Advantageous for colonization of new areas 
 Advantageous in low-density populations 
 

Flowering plants also reproduce asexually 
 Sexual reproduction results in offspring that are genetically 

different from their parents 
 Asexual reproduction results in a clone of genetically identi-

cal organisms (also called vegetative reproduction) 
 Beneficial to a successful plant in a stable environment 
 Vulnerable to local extinction upon environmental change 

 
SUMMARY: What have we learned today? 
 Plants reproduce sexually and asexually. 
 Flowers are determinate reproductive shoots, consisting of 

four floral organs: sepals and petals (sterile), stamens and 
carpels (reproductive organs) 

 Stamens produce the male gametes (pollen) and carpels pro-
duce female gametes (within ovules). 

 Pollination occurs via several mechanisms (wind, water, self-
pollination, but most frequently with the help of animals). 

 Directed growth of the pollen tube delivers 2 sperm nuclei to 
the female gametophyte resulting in double fertilization – of 
the egg (resulting in the zygote) and of the central cell (re-
sulting in the endosperm). 

 Fertilized ovules develop into seeds, containing both em-
bryo, endosperm and maternal tissues, frequently sur-
rounded by a fruit that may aid dispersal. 

 Plants may be self-compatible or self-incompatible when it 
comes to sexual reproduction. 

3 Nutrition and metabolism 
3.1 Chloroplasts and photosynthesis 
The Plastid 
Chloroplasts and other plastids 
The chloroplasts of plants originate from the endosymbiosis of a 
prokaryotic cell (i.e. a cyanobacteria. 
 
Left: cyanobacteria 
Right: chlorplasts 
 
 
Derived from an endosymbiotic association… 
Conversion of endosymbiont to an organelle: an extreme form of 
horizontal gene transfer, i.e. of the entire genetic information of 
the endosymbiont. 
Genetic transfer just the first step: followed by a long evolution-
ary process… 
a) Acquisition of sequence context for nuclear expression 
b) Loss of dispensable genes (e.g. bacterial cell wall biosynthe-

sis, redundant genes) 



15 

c) Establishment of protein transport and metabolite exchange 
systems between the cytosol and the organelles. 

d) Establishment of communication pathways - from nucleus to 
plastid (anterograde signaling), and from plastid to nucleus 
(retrograde signaling). 

e) Retention of minimal organellar genome. 
 
Plastid to nuclear gene transfer continues… 
Nuclear genomes contain many fragments of the plastid (and mi-
tochondrial) genomes 
 
Rice: Plastid genome = 135 Kbp. Nucelar genome has over 800 
Kbp of plastid genome inserted =99% of all plastid sequences 
Arabidopsis: Plastid genome = 154 Kbp. Nucelar genome has over 
35 Kbp of plastid genome inserted =19% of all plastid sequences 
 
Experimental investigation of plastid to nuclear gene transfer: 

Transplastomic plants engineered to contain an antibiotic re-
sistance gene active only when transferred into the nucleus. 
=> Around 1 in 20,000 seeds shows resistance to the antibiotic 
thanks to a gene transfer event. 
 
Plastids are more than just chloroplasts 

All* plant cells contain plas-
tids. Plastids perform essen-
tial biosynthetic reactions 
Plastid identity is governed by 
nuclear gene expression 
 
 
*almost all… 
 
Chromoplasts: for colours 

Amyloplast: starch for e.g., potato 
Elaioplast: oil e.g., avocado 
Glycoplast: glucose 
 
Photosynthesis in chloroplasts 
Photosynthesis takes place in the invaginated cell membranes of 
cyanobacteria, and in the thylakoid endomembrane system of 
chloroplasts. 
 
 
 
 
 
 
 

Photosynthesis 
Some important and impressive numbers 
Solar radiation striking the earth is 
178,000 terawatts 
 
Energy capture by photosynthesis is 
100 terawatts 
= 0.05% of solar radiation 
= 6 x societal energy consumption 
 
Annually, photosynthesis results in the assimilation of ~105 bil-
lion tons of CO2 = 15% of the total in the atmosphere 
 
Photosynthesis utilizes a part of the electromagnetic spectrum 

 
Light energy hitting a leaf 100% 
47% lost - outside 400-700 nm active range 53% 
30% lost - incomplete absorption 37% 
24% absorbed energy lost in photochemistry 28.2% 
68% used in creating sugars 9% 
40% of the sugars respired at night 5.4% 

 
Chloroplast structure 
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Thylakoid organization 

 
Light harvesting 

Light absorption by 
chlorophyll raises 
an electron to a 
higher state of exci-
tation 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Light harvesting is achieved in a variety of ways in different or-
ganisms 

 
 

Organisation of light harvesting apparatus in vascular plants 

 
 

 
 
 

 
Transfer of excitation energy ‘excitons’ between chlorophyll mol-
ecules 

i. Delocalised electrons (shared?) 
ii. Förster resonance energy transfer 

iii. Chlorophyll b → Chlorophyll a 
iv. Chlorophyll a → ‘special pair’ in photosystem core complex 
v. Photochemistry at core complex 
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Transfer of excitation energy to the reaction centre 

 
Light energy is converted to chemical energy to drive C-fixation 

 
Photosynthetic electron transport 
A reminder 

 
The components… 

Photosystem II struc-
ture…: Each photo-
system consists of 16 
integral membrane 
proteins, 3 peripheral 
proteins. Here, a pho-
tosystem dimer is 
shown. 
 
Plastoquinone (PQ): 
a lipidmobile elec-
tron carrier that car-
ries two electrons 
between PSII and 
the b6f complex 

 

 

 
Plastocanin (PC) 
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The ‘Z-scheme’, here on its side, summarizes the energetics of 
the electron transport chain… 

 
The proton gradient across the thylakoids drives ATP formation… 
Electron transfer path… | Proton gradient… | ATP synthesis… 

 
PSI and PSII are differently distributed in the thylakoids. 

State transitions alter the light harvesting antennae of PSI and 
PSII 

 
Electron transport can be both linear and cyclic… 
Cyclic electron transport 

 
 
SUMMARY: What have we learned (remembered) today? 
 The plastid has an endosymbiotic origin, and DNA transfer to 

the nucleus can still be detected 
 Plastids can take many forms and fulfill many different and 

have essential functions besides photosynthesis 
 Photosynthetic efficiency: how, where and why energy is 

lost/used 
 Chloroplast ultrastructure and light capture by photosyn-

thetic pigments. Chlorophyll arrangement in LHCPs and in 
photosystems: 

 Charge separation drives the photosynthetic electron 
transport chain, which including the electron carriers plas-
toquinone and plastocyanin. 

 Water splitting by the oxygen evolving complex replenishes 
electrons lost in charge separation and produces molecular 
O2 

 Formation of the electrochemical proton gradient and of ATP 
via the proton-ATPase. Formation of NADPH via photosys-
tem I. 

 ATP and NADPH use in carbon fixation: concept of a light 
compensation point 

 State transitions. Linear and cyclic electron flow 
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3.2 Plant metabolism and respiration 
Plant Metabolism and Respiration (and some of their useful prod-
ucts) 
The main products of photosynthesis and forms of carbohydrate 
storage 
 Sucrose; its synthesis and export from source leaves 
 Starch; its synthesis, structure and storage roles 
 Alternative forms of carbohydrate storage: Sucrose, fructans 

and raffinosefamily oligosaccharides 
Pathways of respiration 
 Glycolysis, the Krebs cycle, and the oxidative pentose phos-

phate pathway 
 Special features of plant respiration 
Sucrose – The primary product of photosynthesis 

 
Sucrose is our table sugar 
Sucrose is a major source of biofuel: Sucrose > Hexose > Ethanol 

Sucrose biosynthesis: regulated via supply & demand 

 
Key steps 

 
 
Sucrose export from source to sink tissues 
Visualising export from 
single radioisotope 
(14CO2) labelling of one 
leaf of an Arabidopsis 
plant. Export patterns can 
be visualised by autoradi-
ography 
Pattern of 14C export to the root and developing leaves of a plant 
grown hydroponically (with its roots in a liquid mineral solution 
rather than soil). 
The vascular tissue for long distance transport 
The plant vasculature consists of two differ-
ent vessel systems: 
 The xylem transports waters and nutri-

ents upwards 
 The phloem transports photosynthate 

from sites of production (source) to sites 
of need (sink) 

 In leaves the vasculature forms an 
 intricate network throughout the lamina. 
 The vasculature is surrounded by a 
 layer of cells – the bundle sheath. 
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The phloem 
Its structure 
The phloem system consists of two distinct cell types: sieve tube 
elements and companion cells. 
 Sieve tube elements form the conductive vessels. 
 They are connected end-to-end via perforated sieve plates, 

allowing bulk flow. 
 Sieve tube elements are alive but enucleated and devoid of 

most cytoplasmic components 
 companion cells are connected with sieve tube elements via 

plasmodesmata and maintain them metabolically and by 
providing proteins etc. 

 Both cell types have thick cell walls to withstand high internal 
turgor 

 
 
 
 
 
 
 
 
 
 
 
 
 

Apoplastic loading 

 
In Arabidopsis, phloem loading is conducted mainly by the pro-
tein AtSUC2, a proton-sucrose symporter. 
The GUS reporter gene driven by the AtSUC2 gene promoter re-
veals a vasculature-specific expression pattern (expressed in the 
companion cells) 
The Atsuc2 mutant is severely compromised in growth It accumu-
lates high levels of carbohydrates in its leaves since photoassim-
ilate export is restricted 
Alternative carbohydrates transported 
Sucrose is the most commonly trans-
ported form of carbohydrate, but 
some species predominantly 
transport other sugars and/or sugar 
alcohols. 
 
Many insects, including aphids are 
phloem sap-feeders. Aphids can be 
used by plant biologists to analyse 
the contents of phloem sap 
 

 
 
Alternative loading strategies 
In appoplastic loading, the phloem is symplastically isolated from 
the mesophyll. 
Yet the phloem of a significant number of species has symplasmic 
continuity with the leaf mesophyll and loading differs mechanis-
tically. 
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Type 1 phloem:  
 
 
 
 
 
 
 
 
 
 
 
 
 
Active loading: 
Loading may still be active via so-called ‘polymer trap’ model. Su-
crose is concerted into a larger trisaccharide (raffinose) or tetra-
saccharide (stachyose). Larger sugars are proposed to be too big 
to diffuse back into the mesophyll cells. 
 
Passive loading: 
Loading may be passive, mediated by diffusion alone. Sucrose dif-
fuses from the mesophyll into the sieve tube elements. Meso-
phyll cell cytosol usually has a considerably higher sugar concen-
tration than in active phloem loaders. 

 
 
 

 

 
 
Injury results in occlusion of the sieve plates 
1) Immediate obstruction of sieve plate with P-protein present 
within the sieve tube elements 
2) Rapid deposition of callose by callose synthases locates at the 
margin of each sieve pore 

 
 
Sucrose exported via the phloem is catabolised via 2 pathways 
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Transitory starch biosynthesis: fueling metabolism at night 
Arabidopsis partitions ~40% of its assimilated carbon into ‘transi-
tory starch’ during the day. Starch is dense and osmotically inert 
– ideal for storing large amounts of photoassimilated carbon. 
Most starch is degraded at night to fuel metabolism in the ab-
sence of photosynthesis. 

Starch – a simple polymer with a complex structure 
Cellulose – β-1,4-linked 
glucose molecules. Lin-
ear chains chain inter-
act with each other. 
Starch – made of α-1,4-
linked glucose mole-
cules. Linear chains that 
have a propensity to 
form helical structures. 
 
 
 

The substrate for starch synthesis in the plastid is ADP-glucose, 
used to elongate glucan chains. (rather than UDP-glucose used 
for cell wall synthesis) 

The α-1,4-linked chains comprising starch are connected via α-
1,6-branches. 

Amylopectin is the major polymer that comprise starch. The av-
erage chain length are 20-25 glucose units. The branching pattern 
is nonhomogeneous. Achieved with the help of debranching en-
zymes. The architecture of amylopectin allows higher order 
structures to form and for the molecule to partially crystallize. 
Linear amylose fills the gaps in the amylopectin structure, making 
20-30% of the final starch granule mass. 
 

Potato starch granule, broken 
in half and surface-etched to 
reveal another layered struc-
ture – the growth rings (visu-
alised by scanning electron 
microscopy) Each ‘ring’ is 
made up of about 20 layers of 
double helices, as shown in 
the cartoon to the right. As starch forms, proteins can get trapped 
within the semi-crystalline matrix. Granule Bound Starch Syn-
thase (GBSS), is targeted to starch, where it makes amylose. 
Starch breakdown at night supports metabolism 
Starch breakdown involves a suite of enzymes… The major path-
way in Arabidopsis leaves is hydrolysis to free sugars maltose and 
glucose Phosphorolysis also can occur, liberating glucose-1-phos-
phate 
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Starch biosynthesis mutants: viable but grow poorly in diel cycles 

Plants make storage starch as a medium to long-term reserve 
Amyloplats: Mais, Kartoffeln 

 
Starch synthesis in storage organs from imported sucrose 

Alternative storage products 
Sucrose 

Fructans 

 Jerusalem artichoke 
 Onion 
 Chicory 
 Rye grass 
 
 
 
 
 
 
 
 
 
 
 
 
 
Raffinose-family oligosaccharides 

 
Respiratory and biosynthetic pathways in plants 
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Glycolysis 

Glycolysis and the OPPP 

Respiration in the mitochondrion 
Overview 

The TCA cycle (Krebs cycle) 

 
Anapleurotic steps 
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Electron transport chain 

Energy dissipation 

 
 
 
 
 
 
 
 
 
 
 

SUMMARY: sucrose synthesis and phloem transport 
 Sucrose and starch are the main products of photosynthesis 

in most plants. Sucrose is a non-reducing disaccharide, made 
in the cytosol from triose-phosphates exported from the 
chloroplast 

 The plant vasculature, which enables long-distance transport 
of nutrients, water and signals contains xylem and phloem. 
The phloem conducts carbohydrates (plus other nutri-
ents/signals) from source leaves to sink tissues. 

 Phloem ‘sieve tube elements’ are almost empty and con-
nected by large pores in sieve plates. The are living, but sup-
ported by neighboring ‘companion’ cells. 

 There are two types of phloem: Type 1 (open) and Type 2 
(closed) 

 Bulk flow in most species is driven by active assimilate load-
ing in leaves and unloading in sink tissues. A pressure differ-
ential ‘pushes’ phloem sap through the system. 

 Some species appear to load sugars passively into the 
phloem. 

 Phloem cells in active loading species typically have thick 
walls to withstand high internal pressure. 

SUMMARY: Starch synthesis and structure 
 Starch is an insoluble, semi-crystalline storage polysaccha-

ride made from polymerized glucose in the chloroplasts of 
leaves (transitory starch) or amyloplasts of storage organs 
(storage starch). 

 Starch degradation at night in leaves supports metabolism 
when photosynthesis is not possible. Starch degradation 
fuels seasonal re-growth or seedling establishment 

 Sucrose, Fructans and raffinose-family oligosaccharides also 
important storage compounds in some species. 

 Respiratory pathways – glycolysis, the oxidative pentose 
phosphate pathway and the TCA cycle – provide energy & 
reducing power to heterotrophic cells & photosynthetic cells 
at night. 

 Respiratory pathways provide building blocks for biosynthe-
sis. 

 Excess energy can be dissipated as heat (via the alternative 
oxidase and mitochondrial uncoupling proteins). 

3.3 Water and mineral nutrition 
Water uptake and transport 
Plants consist of ~70 - 90% water 
by weight. 
 Creates the environment 

for cellular biochemistry 
 Electron donor for photo-

synthesis 
 Critical for the maintenance 

of cell turgor and growth 
 Temperature regulation 

(evaporation) 

 



26 

Water enters the root via root hairs. It is then transported up-
wards in the plant’s vasculature across long distances. Water is 
lost primarily via transpiration at the stomata. The processes 
moving water along these paths and the forces that cause the 
movement differ between short- and long-distance transport. 

Water from the soil enters the root apoplast (1), or by osmosis 
enters the root hair cells (2). Water then continues to move 
through the root’s cortex (radial flow) towards the vascular bun-
dle It travels through the cells’ apoplast, symplast, or a combina-
tion of the two (3). Before entering the vasculature, all molecules 
face an apoplastic barrier at the endodermis (4): the Casparian 
strip 

 
 
 
 
 

Although water can enter cells by diffusion, its transport across 
membranes is facilitated via aquaporins. Aquaporins are gated 
channels; they can open and close in response to environmental 
signals. 

 
CASPARIAN STRIP DOMAIN PROTEINS (CASPs) localize to the re-
gions of Casparian strip formation. They have been suggested to 
act as transmembrane scaffolds for enzymes required for lignin 
polymerization, such as NADPH-oxidases and peroxidases. 

 

 
Neighboring xylem elements are connected via pits; regions with 
complementary thinner cell walls through which exchange is pos-
sible. Transport in the xylem is no longer osmotically driven. 
Water molecules are polar. They like to interact 
 with other water molecules (cohesion) 
 with other substances (adhesion) 
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The steady loss of water via transpiration “pulls” columns of wa-
ter molecules from the xylem. 

Water molecules adhere to the xylem vessel walls and cohere to 
each other. The constant pull moves the molecules upwards 
against gravity. The negative pressure in xylem vessels is why 
they need to have strongly reinforced secondary cell walls. 

Under very dry conditions, embolization of xylem vessels can oc-
cur. Under very dry conditions, embolization of xylem vessels can 
occur. 

Xylem embolisms are circumvented by flow of water into adja-
cent elements via pits. At the same time, air spread to adjacent 
xylem elements via pits is limited. 
Pits are far from being simple “cell wall depressions”. 
 
 
 
 
 
 
 
 
 

 
Mineral nutrients 
The plant body’s dry weight consists of components acquired 
from the atmosphere and from the soil. 

 

 
These elements are referred to as mineral nutrients. 
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Nutrient assimilation 
The uptake and assimilation of mineral 
nutrients is often complex 
and energy-intensive: 
 Their content and availability for 

uptake vary greatly between AND 
within soils 

 Plants modify the soil environment to improve nutrient up-
take. 

 Most mineral nutrients are acquired as charged ions and can-
not diffuse across membranes; transporters are required. 

 Many mineral nutrients may need to be transported against 
their concentration gradient, necessitating the input of en-
ergy (active transport) 

The macronutrients nitrogen (N), phosphorus (P) and potassium 
(K) limit agricultural production. 
 
Nitrogen 
After carbon, hydrogen, and oxygen, nitrogen is the 4th most 
abundant element in a plant. Nitrogen is very abundant: 
 as metal nitrides in rocks (98% of total N) 
 as di-nitrogen gas (78% of air, 1.9% of total N) 
 as nitrate (NO3-), ammonia (NH3), and organic material (< 

0.1% to total N) 
But for most plants, only NO3- and NH3 are available N-sources. 
 
CHL1 is a nitrate transporter of the NTR1-family that signals how 
much nitrate is available 

 
 Nitrate induces nitrate transporters 
 Nitrate induces nitrate reductase and nitrite reductase 
 Nitrate induces enzymes that generate reductant and C-skel-

etons for N-assimilation 
 Nitrate represses C-storage as starch 
 Nitrate induces changes in plant 
 growth 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 



29 

Some plants form symbioses with bacteria that can fix atmos-
pheric N2 (e.g. legume – rhizobium symbiosis) 

 
1. Host root release a flavonoid signal 
2. Rhizobium releases Nod-factor signal 
3. Nod-factors induce root hair curling & infection thread forms 
4. Cell division in cambium results in nodule initiation 
5. Development of a vascularised, N2-fixing nodule 

=>Assimilation of nitrate 
Nitrogen uptake is an (indirectly) energy dependent process. 

 

Nitrate uptake is followed by redox reactions resulting in the gen-
eration of ammonia (NH3). These reactions generate a poten-
tially toxic metabolic intermediate: Nitrite (NO2-). 

 
The nitrogen from ammonia is then finally incorporated into am-
ide carriers for subsequent transport. 

 
Nitrate or amides (as for most mineral nutrients) enter xylem 
bulk flow to be distributed towards sink tissues. Nitrogen assimi-
lation is key to plant productivity. Its availability is constantly 
monitored. 
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Phosphorus 
Phosphorus (P) is the 5th most abundant element in a plant, and 
after nitrogen, the 2nd most commonly limiting nutrient for plant 
growth. In soil, P is in the form of immobile, insoluble complexes. 
Most P is taken up as inorganic phosphate (Pi). Different strate-
gies exist to increase its availability and uptake. Many plants ob-
tain Pi (and other nutrients) via mutualistic symbiosis with my-
corrhizal fungi. 

Mycorrhizal associations 
Mycorrhizal fungi greatly increase the volume 
of soil from which minerals can be acquired. 
Plants and fungi have intimate cellular con-
tacts: Arbuscules. These are the sites of nutri-
ent exchange. The plant provides the fungus 
with carbon nutrition in 
the form of fatty acids. 

 
Special adaptations 
Some plants have nutritional adaptations that use other organ-
isms in nonmutualistic ways: 

 
 
 
 
 
 
 
 

Irrigation and Nutrient fertilization: Global impact 
~50% of global births are estimated to be supported by nitrogen 
fertilization. 

 
About two thirds of the applied nitrogen is not used by the crop, 
but instead become an environmental pollutant. The same is true 
for about half of the applied phosphorus. 

 
Political frameworks influencing farmer decisions on fertilization 
can have a large impact on agricultural output. 

 
Kazakhstan      /      China   Turkey / Syria 
 Irrigation is critical in agriculture 

75% of global freshwater is used for agriculture 
 A huge drain on water resources (rivers and underground aq-

uifers) when used for farming in arid regions 
 In many cases, freshwater use is unsustainable. 
 
SUMMARY: Water and mineral nutrition 
 Plants generally acquire water and mineral nutrients from 

the soil. 
 Water enters the root at the root hairs and then move to the 

stele via radial flow. 
 Water is then distributed within the plant body primarily by 

bulk flow through the vascular system’s xylem. This 
transport is primarily driven by transpirational water loss at 
the stomata. 

 Plants require 6 macro- and 8 micronutrients. 
 The acquisition of these variably involves solubilization, ac-

tive transport processes, and for some, energy-intensive bi-
ochemical conversion steps. 

 Symbiotic interactions with mycorrhizal fungi and rhizobia 
facilitate the uptake of several of these mineral nutrients. 

 Nutrient fertilization has strong impacts on agricultural 
productivity, but also on environmental pollution. 
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4 Environmental perception and response 
4.1 Environmental perception 
What do Plants Respond to? 

Light  Circadian clock 
Temperature  Endogenous hormones 
Gravity  Developmental program 
Touch  Sugar and Nutrient levels 
Damage  Cell turgor 
Infection / Herbivory  … 
Symbionts   
Water drought/flood   
Air e.g. CO2 and O2   
Soil nutrients   
…   

 
A simplified signaling and response pathway 

 
Response to light 

Plant photoreceptors 

Arabidopsis plants grown with the same light… (Remember PAR… 
photosynthetically active radiation) But the ‘shade’ plant was 
diven supplementary far-red 
light… 

Phytochromes sense red and far red light 

 
Occur throughout a plants life cycle 

 
Phototropism 
In most plants (i.e. the angio-
sperms), phototropism is a blue 
light response. In some plants 
(e.g. ferns), phototropism occurs 
in response to blue and red light. 
 
Absorption spectrum for blue-
light-sensitive domain of photo-
tropin from Avena sativa 
 

 
Phototropism mediated by phototropins 
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And the discovery of auxin 

 
 The term auxin origi-
nally referred to any 
chemical that promotes 
elongation of coleoptiles 
 Auxin produced in 
shoot tips and is trans-
ported down the stem in 
the parenchyma tissues 
surrounding the xylem. 

 
 
 
 
 
 
 
 
 

 
Polar auxin transport 

 
Auxin accumulation on the shaded side of Arabidopsis seedling 
hypocotyls, revealed by the GFP reporter driven by the auxin-re-
sponsive DR5 promoter. 
 
Auxin stimulates cell expansion/elongation 
 The ‘acid growth’ hypothesis: auxin stimulates proton pumps 

in the plasma membrane 
 This lowers the pH in the cell wall, activating expansins and 

enzymes that loosen the wall’s fabric 
 With the cellulose loosened, the cell can elongate 

 
 
Auxin is one of several plant hormones (or plant growth sub-
stances) 
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Photoperiodic responses 

In short-day/long-night condi-
tions, starch accumulation rate 
increases and starch degrada-
tion rates decreases. 
 
 
 

Response to gravity 
Positive and negative gravitropic responses 
Response to gravity is known as gravitropism Roots show positive 
gravitropism Shoots show negative gravitropism 
 
Statoliths aid gravitropic responses 
Statoliths: starch filled organelles in the root tip 
columella cells 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Mung bean: gravitropism vs phototropism 
This mungbean seedling has conflicting signals: phototropism 
from a light below and gravitropism. Which signal is stronger? 
 
Gravitropism vs phototropism 

 
 
Gravitropism involves auxin signalling 

 

 
 
Response to touch 
In response to touch, a rapid loss of turgor in the pulvini, causes 
the leaflets to close 
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Mechanism of turgor change in Mimosa 
Touch (or other stimuli) induces an electrical signal that is propa-
gated at speeds of between 1 and 10 cm s-1 

Touch-induced electrical signals, trigger Ca2+ influx via voltage-
gated channels. Increased cytosolic Ca2+ activates ion channels, 
leading to rapid efflux of ions, water and loss turgor, which 
causes rapid tissue movements. 

 
Thigmotropism 

 
 
 
 
 
 
 
 
 
 
 

SUMMARY: Plant responses 
 Plants can perceive many environment cues and respond to 

them both in short and longer timescales. 
 Light is a key signal for plants. A suite of photoreceptors that 

allow plants to detect far red, red, blue and UV light and re-
spond to it throughout their life cycle. 

 Phytochrome; photoconvertible photoreceptor that allows 
plants to perceive the ratio of red to far red light, which is 
particularly important to avoid shading. 

 Phototropism is the directional growth of plants towards (or 
away from) light is mediated by blue light receptors (photo-
tropins) in angiosperms and involves auxin signalling. 

 Gravitropism is achieved with the help of statoliths – starch 
filled (dense) amyloplasts that influence auxin fluxes. 

 Plants respond to touch which controls their growth and may 
also help them avoid or respond to herbivory 

 
4.2 Responses to abiotic stress 
Abiotic stress 
As sessile organisms, plants face many environmental challenges 
that they cannot simply run from. 

 
Yet they inhabit almost the entire world, with all its different, 
stressful habitats. 
 Arctic habitat: 

• frost 
• mechanical stress 

 Alpine habitat: 
• temperature extremes 
• high UV 
• mechanical stress 

 Desert habitat: 
• temperature extremes 
• H2O scarcity 
• mechanical stress 

 Rainforest habitat: 
• H2O excess (flooding) 
• low light in lower strata 

Plants have adapted to different environments in many diverse 
ways. Adaptation is an evolutionary process resulting in a variety 
of creative (sometimes bizarre) solutions enabling plants to live 
under otherwise adverse conditions. 
Plants can also acclimate to environmental stresses, even when 
living in niches to which they are adapted. Acclimation occurs 
within a plants lifetime, adapting its growth, development and 
metabolism to unfavourable conditions. Acclimation responses 
result in differences between individual plants of the same spe-
cies: phenotypic plasticity. 
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Left: Arabidopsis thaliana grown in the lab – (almost) stress-free 
environment 
Right: Arabidopsis thaliana grown outside – has experienced 
“real life” 
 
Even in a given habitat, condi-
tions fluctuate and are not al-
ways favourable for a given 
plant’s genotype. 
 
Has spent 5000 years in this lo-
cation. Has probably experi-
enced some stress… 
 
 

 
Abiotic stress; Adaptation to dry habitats 
Escape 
Aridity is a common limitation to plant growth. Some plants just 
wait for water and then “live fast and die young”. 

Tolerance 
Others simply don’t mind desiccation: Resurrection plants. 
 
 
 
 
 

Avoidance 
Many strive to keep their water safe. Areas low in water availa-
bility are often populated with a diverse group of plants collec-
tively called succulents. 

 
The “succulent syndrome” is a remarkable example of conver-
gent evolution. 3-5% of flowering plants are considered to 
be succulents. 

 
Key attribute of succulent plants or organs is the storage of water 
in living cells. Water can be stored in different ways: 
 in specialized, non-photosynthetic tissue: “hydrenchyma” in 

storage succulents... 
 Hydrenchyma cells typically have thin, collapsible primary 

cell walls accommodating large changes in volume. 
 Alternatively, water can be stored in expanded, photosyn-

thetic cells: all-cell succulents 

 
Apart from active water storage, succu-
lents also limit their water loss. Plants tran-
spire at their surfaces. 
 low surface-to-volume ratio 
 Near-spherical leaves limit water 

loss... but also light absorption! 
 “epidermal windows” are translucent areas of epidermis that 

allow light to be channelled deep into the leaf. 
The epidermal windows may be the only plant parts exposed 
to the aerial environment! 

 thick cuticles 
 low stomatal density /conductance (~ 200 mm-2 in a typical 

leaf, ~ 25-50 mm-2 in succulants 
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Crassulacean Acid Metabolism (CAM) 
CAM was named according the 
plant family in which it was first 
observed: The Crassulaceae. But 
CAM has evolved several times, 
being present in phylogenetically 
different vascular plant families (~ 
6% of vascular plants). The Crassu-

laceae are succulents, as are many (but not all) other CAM plants. 
 In CAM Stomata open at night to minimize water loss. 
 CO2 is first fixed into organic acids at night. 
 Stomata close during the day. 
 CO2 is released for assimilation through the Calvin Cycle 

 
 Assimilates are still partitioned between use (i.e. growth) 
 and transient storage. 
 Starch provides substrates for organic acid synthesis. 
 C-assimilation is limited by capacity to store organic acids. 

 
 
 
 

1. CAM plants evolved long ago (~250-500 million years ago) 
2. Different variants of CAM exist (decarboxylation) 
3. The driver for the evolution of CAM; low daytime CO2 
4. Some crops are CAM plants 
5. CAM is inducible/tissue specific in some species 
 
Acclimation to drought and water stress 
Water stress is a very common plant abiotic stress, occuring when 
water loss exceeds water uptake. Depending on duration & tim-
ing, water stress can critically impact on plant survival and crop 
productivity. Water stress is more frequent due to climate 
change and has an enormous consequences for agriculture. There 
are many efforts to breed or engineer crops with increased 
drought tolerance. 
 
Drought is typically first perceived in the 
root and communicated to the shoot (e.g. 
via hydraulic/hormonal/electrical signals). Many physiological re-
sponses to water stress are mediated by the plant hormone ab-
scisic acid (ABA). ABA signals elicit transcriptional and post trans-
lational (e.g. protein phosphorylation) responses to water 
stress... 

 
ABA signalling resulting in… 
 Stomatal closure… 
 promoted root growth (mild water stress) 
 growth arrest (severe water stress) 
 regulation of aquaporins 
 osmoprotectant accumulation (e.g. sugars, proline, glycine 

betaine) 
 production of solutes and chaperonins supporting protein 

folding 
 ROS detoxification 
=> Long-term acclimation responses 
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Under drought conditions, ABA biosynthesis is induced. In leaves, 
ABA initiates the closure of stomata as a rapid short-term re-
sponse to limit transpiration. 

 
The closure of stomata may initially relieve water deficiency, but 
it is associated with many downstream challenges. 

Excess light: adaptations… 
Light sometimes limits plant growth, but frequently it is not the 
major limiting factor and can be in excess. Alpine and arid habi-
tats are characterized by temperature extremes and intense irra-
diation, both visible light and UV, which can damage plants. 
 
The surface of the alpine plant Dionysia tapetodes is covered in 
“wool” that is made by glandular trichomes ejecting flavone and 
substituted flavone derivatives. This wool has been suggested to 
increase freezing tolerance, block UV irradiation, and possibly 
possess antifungal activity. 
 
Light is frequently not limiting plant growth. Alpine and arid hab-
itats are characterized by temperature extremes and intense UV 
irradiation, both of which can damage plants. 
 
Similarly, the surface of Leontopodium nivale (Edelweiss) is cov-
ered in hairs (trichomes) that have been suggested to limit water 
loss and strongly absorb UV light. 
 
The adult leaves of many Eucalyptus species 
hang vertically – thought to be an adaptation 
to avoid excess light capture in the middle of 
the day. 
 
Some cacti are covered in hairs (adapted spines) 
that similarly limit water loss and strongly ab-
sorb/reflect excess light. 
 
 
 
 
 
 
 
 
 

Acclimation to excess light 
A key feature of plants autotrophic way of life, is 
the use of light as an energy source... 
... paradoxically, light is also one of the major abi-
otic stressors that many plants face on a day-to-
day basis. 
Water stress induces stomatal closure, which limits 
the operation of the Calvin cycle. 
Cold stress also limits the Calvin cycle; biochemical 
reactions slow down in the cold, but light capture 
is unaffected. 
 
Capturing light energy without using it generates 
Reactive Oxygen Species, causing photoinhibition 
and cellular damage. 
 
Chloroplast movements 
Plants protect themselves against high 
light stress in different ways. One pre-
emptive strategy is to optimise light expo-
sure: 
 on the chloroplast level 
 
Non-photochemical quenching 
Still, most plants utilize < 50 % the light absorbed by their leaves 
for photosynthesis! 
Excess light energy needs to be safely dissipated to limit the harm-
ful effects of photoinhibition and ROS damage. 
 
Mechanisms for the safe dissipation of excess light 
are collectively termed “nonphotochemical quench-
ing (NPQ)”. 
 
 
 
 
 
 
 
 
 
NPQ is triggered by acidification of the thylakoid lumen. An im-
portant mediator of NPQ is the Xanthophyll cycle. 
 Energy-dependent quenching (qE); Violaxanthin contributes 

to light harvesting. Zeaxanthin dissipates energy as heat. 
 Light harvesting complex confor-

mational changes & re-arrange-
ments 
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Photorespiration 

 
 
 
 
 
C4 photosynthesis – a ‘recent’ evolutionary innovation. 
C4 plants (~3% of vascular plants) use similar chemical principles, 
but spatially separate carbon fixation (in mesophyll cells) from 
assimilation via the Calvin cycle (in enlarged bundle sheath cells). 
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1. C4 plants evolved recently (~30 million years ago) 
2. 2. Convergent evolution: different variants of C4 metabolism 

exist 

3. The driver for the evolution of C4 metabolism is debated 
C4 metabolism may have evolved in response to 
1) water deficit 
2) low atmospheric CO2 

3) a combination of stresses that promote photorespiration 
4. Some of the worlds most important crops are C4 plants 

E.g. maize, sugarcane, sorghum 

SUMMARY: Abiotic stress 
 Plants face many environmental stressors to which they 

have adapted over evolutionary time and can respond to 
over shorter timescales in order to acclimate. 

 Low water availability frequently limits plant growth. Plants 
have adapted to escape, tolerate or avoid water limitation 
(succulency, stomatal density/conductance, CAM metabo-
lism…) 

 Plants actively respond to drought stress. Many responses 
are mediated by the hormone Abscisic acid, which operates 
through both transcriptional and post-translational mecha-
nisms. 

 Light can also be a stressor for plants and are adapted to limit 
light capture in alpine or arid conditions. 

 If captured light energy cannot be used, the plant needs to 
dissipate the energy, lest it cause cellular damage (via chlo-
roplast movements,non-photochemical quenching, reactive 
oxygen scavenging, photorespiration). 

 C4 photosynthesis is a recent adaptation allowing photosyn-
thesis under conditions that promote photorespiration. 

4.3 Response to biotic stress 
Plants are not alone 
Like animals, plants share their habitats with many other organ-
isms. Most of these organisms are harmless or even beneficial to 
them (e.g. bees, etc). There are, however, potentially dangerous 
or pathogenic organisms threatening and damaging plants. These 
organisms are of diverse nature and impose different kinds of 
damage. 

 
Despite being sessile, plants are by no means helpless. Their de-
fence and immune systems differ from those of animals, but are 
effective. In natural plant communities, most plants are healthy 
most of the time! (diversity of plants leed to a good immunology) 
 
This is different in modern, monoculture-dominated agriculture. 
Pathogens and pests cause crop losses of ~25% world-wide. Man-
agement of crop pathogens and diseases is necessary, but has 
ecological costs. 
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Pathogens 
A plant pathogen is defined as an organism that, to complete a 
part or all of its life cycle, grows inside the plant and in doing so 
has a detrimental effect on the plant. 
Plant pathogens have evolved different ways to overcome the 
physical barriers protecting plant tissues: 
 via wounds 
 via natural openings 
 via insect vectors 
 via brute force 
 via enzymatic attack 
 
Once inside, pathogens access their host’s resources to their own 
benefit. 
Different pathogenesis strategies exist: 
 necrotrophy: Invade and kill 

Aggressive; use toxins and lytic enzymes to kill their hosts, 
decompose and consume their bodies 

 biotrophy: Keep their host alive 
Intricate interaction with their host; continually withdraw re-
sources without killing the host; to do so, evade the host’s 
detection and defence responses 

 hemibiotrophy: A combination 
Hemibiotrophs first grow biotrophically, but later switch to-
wards necrotrophy. 

 
Fungal & oomycete pathogens 
Necrotrophic fungal pathogens sometimes produce host-selec-
tive toxins with highly specific modes of action. Cochliobolus car-
bonum, a maize pathogen, secretes HC-toxin, which inhibits his-
tone deacetylase activity. This is thought to interfere with the 
transcription of maize defence genes. 

 
Biotrophic fungal and oomycete pathogens often establish inti-
mate host contact via haustoria, which are structures specialized 
for nutrient and signal exchange. 
 
 
 
 

 
Invasive fungal hyphae (IH) can modify plasmodesmata and move 
through them from cell to cell. 

 
The hemibiotrophic pathogen Phytophtora infestans causes to-
mato and potato diseases called late blight. 

 
An outbreak potato late blight, caused by Phytophthora in-
festans, caused the Great Famine of the 1840s. The late blight 
epidemics of the 1840s hit Ireland particularly hard, and caused 
mass starvation and emigration. 
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Bacterial pathogens 
Most plant pathogenic bacteria are Gram-negative rods from the 
genera Pseudomonas, Xanthomonas, and Erwinia. They usually 
reside and replicate in the intercellular spaces of various host or-
gans or in the xylem. They are often surrounded by an extracel-
lular polysaccharide matrix (EPS). 

Xylella fastidiosa is a bacterial plant pathogen that can infect 
more than 300 different plant species. Due to its devastating ef-
fects on agriculturally important crops, X. fastidiosa was the first 
plant pathogen to have its genome sequenced. The pathogen is 
transmitted by insect vectors. 

X fastidiosa moves systemically through xylem pits, but the path-
ogen is too large to move through the pit membranes’ pores. 

Agrobacterium tumefaciens is a biotrophic bacterial plant patho-
gen inducing crown gall disease. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Upon entering a wound site, A. tumefaciens induces the for-
mation of neoplastic host tissues, reprogramming their cells by 
“genetic colonization”. 
After attachment to a host cell, the bacterium transfers a piece 
of DNA (the T-DNA), which inserts into the host’s genome. 
The T-DNA then alters the host’s phytohormone balance to pro-
duce tumorous tissues and directs the host’s metabolism to pro-
duce opines: nutrition for the pathogen. 

 
 
Bacterial pathogens deliver of virulence factors to their host cells. 
These factors are usually aimed at suppressing host immune re-
sponses and are injected via specialized secretion systems. 
A. Tumefaciens uses a Type IV system encoded by its virulence 
genes 
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The capability of A. tumefaciens to genetically manipulate plant 
hosts is regularly exploited to generate transgenic plants 
in laboratories. 

Viruses 
Viruses are infectious particles that can replicate only by exploit-
ing a host’s cellular machinery. More than 40 families of plant vi-
ruses exist; most of them have RNA genomes. However, one class 
of the few DNA-viruses infecting plants, the geminiviruses, are 
economically very important. 
 
The tobacco mosaic virus (TMV) 
has a broad host range and in-
fects various agronomically im-
portant crops, including tobacco 
and other members of the Solanaceae, where it causes mosaic-
like discoloration of the leaves. 
 
TMV was the first virus to be discovered and crystallized. 

Plant viruses are introduced into plant hosts via mechanical 
wounds and subsequently spread to neighbouring cells through 
plasmodesmata. Two main mechanisms exist… 
 
 
 

 
 
Plant viruses can spread systemically through the vasculature… 
and between plants via vectors (e.g. sap-sucking insects) Plants 
defend themselves against viruses by RNA-silencing mechanisms 
that produce short interfering RNA (SiRNA)– later in your stud-
ies… 
 
A complicated relationship 
Only very few microorganisms can actually disease plants. 
What makes a successful pathogen? 
 Pathogenesis genes and effectors allow the pathogen to en-

ter into the plant, evade the plant’s defenses, and survive 
and reproduce 

 Numbers – more pathogens increases the chance of success 
What makes a vulnerable host? 
 Poor health – wounded or weakened plants can be more vul-

nerable 
 A lack of disease resistance genes 
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Recognition of & warfare against pathogens 
A complex interplay of pathogen molecules and plant host recep-
tors allows direct or indirect perception of pathogen presence. 

Microorganism/Pathogen-associated molecular pattern 
(MAMPs/PAMPs) and Damage-associated molecular pattern 
(DAMPs) are recognized by plant surface receptors collectively 
called the pattern-recognition receptors (PRRs). 

 

MAMPs are conserved microbial pattern. 

Most PRRs are receptor-like kinases (RLKs) with an extracellular 
ligand-recognition domain and an intracellular signal transduc-
tion domain. 
Their activation leads to large-scale transcriptional reactions 
changes and defence responses: 
 Increased synthesis of stress hormones 
 Up-regulation of pathogenesis-related genes 
 Synthesis of antimicrobial compounds including phytoalexins 
 Production of reactive oxygen species (ROS) 
 Production of callose 
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Many pathogens produce and secrete effectors that aim to sup-
press such adverse host reactions. 

Such effectors 
may either effec-
tively prevent the 
plant’s reaction to 
the pathogen... 
 
 
 
 
 
 
 
 

... or be detected by intracellular receptors: NB-LRR receptors, ac-
cording to their conserved nucleotide binding and leucine-rich re-
peat domains. 
Recognition by NB-LRR re-
ceptors triggers a much 
stronger immune response 
called the effector-trig-
gered immunity. 
 
 
 
 
 
 
 
 
The continuous co-evolution of pathogen and host warfare strat-
egies is explained in the famous Jones and Dangl Zig-Zag model 
of plant-pathogen interactions. 

 
The most common outcome of 
effector-triggered immunity is 
the hypersensitive response; lo-
calized cell death that restricts 
pathogen spread on the spot. 
 
 
Not all plant reactions to pathogens are local. Local perception of 
pathogens can induce systemic responses priming the immune 
system of the rest of the plant body... and even adjacent plants. 
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Many animals feed on plants; by doing so, they not only exploit 
the plant’s resources, but also pose significant risk of transmitting 
pathogens. Again plants can defend themselves – later in your 
studies…? 
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