
 

 

Umeå Plant Science Center 
Department of Plant Physiology 
Umeå 2016 

 

 

Regulatory Control of Autumn Senescence 
in Populus tremula 

 

Erik Edlund 



1 
 

 

Regulatory Control of Autumn 
Senescence in Populus tremula 
 

Erik Edlund 

 

Umeå Plant Science Center 
Deparment of Plant Physiology 
Umeå 2016 



2 
 

 

 

 

 

 

 

               

                  To Frida and Emily 
 

 
 
 
 
 
This work is protected by the Swedish Copyright Legislation (Act 1960:729) 
ISBN: 978-91-7601-568-1 
Front cover by: Erik Edlund 
Electronic version available at http://umu.diva-portal.org/ 
Printed by: KBC, Umeå University 
Umeå, Sweden 2016 



3 
 

 



 

4 
 

Abstract 
Autumn senescence is a visually spectacular phenomenon in which trees 
prepare for the oncoming winter. The mechanism for regulation of autumn 
senescence in trees has been very hard to pinpoint. In this thesis the main focus 
is to investigate how autumn senescence is regulated in aspens (Populus 
tremula). 

Previous work has established that autumn senescence in aspens is under 
daylight control, in this thesis the metabolic status and the effect on autumn 
senescence was investigated. The metabolic status was altered by girdling 
which leads to accumulation of photosynthates in the canopy. This resulted in 
an earlier onset of senescence but also the speed of senescence was changed. 
At the onset of senescence the girdled trees also accumulated or retained 
anthocyanins. 

The nitrogen status of aspens during autumn senescence was also investigated, 
we found that high doses of fertilization could significantly delay the onset of 
senescence. The effects of various nitrogen forms was investigated by 
delivering organic and inorganic nitrogen through a precision fertilization 
delivery system that could inject solutes directly into the xylem of the mature 
aspens. The study showed that addition of nitrate delayed senescence, addition 
of arginine did not have any effect on the autumn senescence in aspens, and 
furthermore the nitrate altered the trees leaf metabolism that was more 
profound in high dosages of supplied nitrate.   

Cytokinins are plant hormones believed to delay or block senescence, studies 
have suggested that the decrease of cytokinins and/or cytokinin signalling may 
precede senescence in some plants. To investigate how cytokinin regulates 
autumn senescence in aspens we profiled 34 cytokinin types in a free growing 
mature aspen. The study begun before autumn senescence was initiated and 
ended with the shedding of the leaves, and spanned three consecutive years. 
The study showed that the individual cytokinin profiles varied significantly 
between the years, this despite that senescence was initiated at the same time 
each year. Senescence was furthermore not connected to the depletion of either 
active or total cytokinins levels. The gene pattern of genes known to be 
associated with cytokinin was also studied, but no gene expression pattern that 
the profile generated could explain the onset of senescence. These results 
suggest that the depletion of cytokinins is unlikely to explain the tightly 
regulated onset of autumn leaf senescence in aspen.     
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Introduction 

Senescence 

Senescence is for most of us the spectacular yellowing of leaves and the obvious 
colour changes the plant undergoes in the later stages of leaf senescence. Since 
senescence means to grow old in Latin the connection to the late developmental 
stages in plants is obvious. Senescence is a highly regulated process and conducted 
in an orderly fashion, it is not the same as necrosis but differs in that the cell organs 
are deconstructed and much of the content reallocated (Woo et al., 2013). When the 
plant cell receive the initiation signal for starting the programmed cell death (PCD) 
program, the cell starts to dismantle itself in a very regulated manner starting with 
the chlorophyll molecules, the nucleus and mitochondria that are vital for the cells 
function are the last organelles to be dismantled (Thomson and Plat-Aloia 1987; van 
Doorn and Woltering 2004). That the most vital organelles are dismantled last is 
very indicative of that the cell needs to remain functional during senescence. The 
last event of the cell is the rupture of the vacuole and plasma membrane disruption 
which leads to the cells death. PCD and senescence are in essence similar processes 
but the PCD terminology is mostly used when it is discussed on a cellular level and 
senescence when the describing PCD on a macro scale such as in leaf senescence. 
The word apoptosis, which characterizes one type of PCD (dependent on specific 
proteases, caspases, and an active involvement of the mitochondria) that has been 
much studied in animal systems, is actually derived from the greek expression for 
falling autumn leaves. However, it appears as if this type of cell death is not 
prominent in plants, despite the name. Once the leaf has entered senescence the 
photosynthesis is gradually stopped and the chloroplast is the first cellular organ to 
begin dismantling followed by the remaining non-vital organs that are deconstructed 
and remade into more easily transportable forms (Nooden 1988). The ability for 
plants to use senescence as a mean to regain valuable nutrients from leaves is a 
feature that is highly beneficial for the plant, these resources would otherwise be lost 
to the if they were not orderly transported out from the leaf before being shed. The 
plants have invested several important nutrients in the leaves, primarily nitrogen but 
also many macronutrients (i.e. phosphor, sulphur, potassium) and micronutrients 
(i.e. Fe, Zn, Cu, Ni, Mo, B, Cl) (Himelblau and Amasino 2001; Hörtensteiner and 
Feller 2002). The chlorophyll is dismantled early in the senescence process mainly 
to safeguard the leaf from potential damage caused by uncoupled chlorophyll 
molecules that would create reactive oxygen species and thereby oxidative damage 
if the downstream reactions of photosynthesis are not operating (Hörtensteiner et al., 
2006; Hörtensteiner 2009). The nitrogen in chlorophyll has been thought to be a 
source for nitrogen recycling in senescing leaves (Hendry et al., 1987). But recent 
data seems to indicate that the chlorophyll bound nitrogen is not actually recycled 
but the dismantled chlorophyll molecules are left in the leaf as nonfluorescent 
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chlorophyll catabolites (Hörtensteiner and Kräutler 2011). The nutrients are 
transported out of the leaves during senescence towards the sink part of the plant, in 
the case of trees they are transported to the bark, twigs and stem and some to the 
roots (Cook and Weih 2005). 

Plants or leaves that enter senescence are related to reaching a certain developmental 
age, but also external and environmental factors can initiate senescence (Lim et al., 
2007). Many plants undergo senescence when they have reached the final 
developmental stage. Plants need to know when to enter senescence to not undergo 
this process to early. To solve this, plants have poorly understood age related factors 
also called age related changes (ARC) an ARC can be a developmental stage that is 
irreversible such as the end of leaf expansion or cell division (Jibran et al., 2014). 
Studies in Arabidopsis have shown that it can’t enter senescence before a certain age 
of the leaves has been reached (Jing et al., 2002; 2005).  This ARC prerequisite 
stops young leaves from senescing and acts as a failsafe for not initiating the 
senescence program in the wrong developmental timeframe (Weaver et al., 1998). 
One very obvious ARC in plants is the leaves capacity to conduct photosynthesis 
(Thomas and Howarth 2000). This is illustrated by Nooden et al., 1996 who exposed 
leaves to an excessive amount of light which hastened the onset of senescence. This 
phenomenon of age induction can actually be reversed, some monocarpic plants 
such as chickpea senescing leaves will reverse into a juvenile state if the 
reproductive organs are removed, since the sink of the flower or seeds have 
disappeared (Flowers 2009). 

Many factors in addition to age can initiate senescence in plants, for example abiotic 
stresses such as salinity, drought, wounding, shading, nitrogen deficiency and heat 
(Gan and Amasino 1997). Biotic factors is also known to induce leaf senescence as 
defence strategy or simply by the damage inflicted, all these different initiation 
pathways have a specific genetic profile connected to each specific induction factor 
(Chen et al., 2002). Senescence can be divided into four initiation subgroups that at 
a developmental level exploit senescence in slightly different ways. It should be 
noted that the programmed senescence are in most cases not reversible and will be 
completed regardless of external cues, some senescence’s (e.g. dark induced 
senescence) can be reversed if the condition that initiated the senescence are 
removed or relived before a certain point in its progression (Stoddart and Thomas 
1982). The nature of the “point of no return” is unknown.  

Whole plant senescence is for many annual seed producing plants a way to 
remobilize as much nutrients as possible from the vegetative parts and reinvest them 
in the seeds at the end of the lifecycle, this type of senescence can be found in plants 
like wheat and rice and other annuals that end their life cycle with seed production. 
It has been shown that the majority of the nutrients that are needed to create seeds 
will be taken from the senescing tissue (Feller and Keist 1986).  
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Sequential senescence is progressive form of senescence of the older leaves and 
lateral organs. This type of senescence is used to remobilize nutrients from the older 
leaves as the shoot continuously produced new ones, which has a better capacity to 
contribute to photosynthesis. Shoot senescence is used in many herbaceous biennials 
and perennials such as banana, onions and some root fruits, they only senescence the 
above ground parts and store the remobilized nutrients in the roots and bulbs below 
ground.  

There are also some “local types” of leaf senescence that can be triggered in 
individual leafs. For instance if a plant leaf that is heavily shaded underneath a 
canopy or it might be one of the first leaves to appear on a small herbaceous plant, 
then the efficiency of the leaf will be severely decreased in the late stages of the 
growth cycle. Therefore it is advantageous to use the invested nutrients in the 
unproductive shaded leaf and remobilize them into new tissue in a more favourable 
location. A partially shaded leaf will enter a fast progressing senescence (Weaver 
and Amasino 2001; Keech et al., 2007). Leaves that are completely darkened don’t 
senescence as fast (Mae et al., 1993). These types of senescence are referred to as 
dark induced senescence (Rousseaux et al., 1996).  

When leaves are attacked by insect herbivores or fungi it might trigger a stress-
induced senescence that is localised to the attacked parts. The plant then actively 
sacrifices the leaf before the attack can completely destroy it and potentially spread 
and thereby regain some of the investment from the leaf, this type of senescence is 
often local to the affected leaf or parts of the infected leaf (Smart et al., 1994).  

Synchronous senescence like autumn senescence is an event that is conducted 
simultaneously in the whole canopy of the plant, usually in deciduous trees in 
temperate zones that will need to shed their leaves for the oncoming winter or risk 
losing the leafs to frost (Näsholm et al., 1998). 

Autumn Senescence in trees. 

We who live in the temperate parts of the world can enjoy the yellowing and 
reddening of leaves every autumn (Lee et al., 2003). The visually astonishing 
phenomenon known as autumn senescence also have a crucial role to fill in the long 
term survival of trees (Ghelardini et al., 2014). The striking colours that autumn 
brings are caused by chlorophyll degradation that will bring out the bright colours of 
carotenoids and anthocyanins for us to see. Autumn senescence in a single tree takes 
often a couple of weeks depending on environmental factors (Fracheboud et al., 
2009). Autumn senescence in many trees depends on the seasonal variation in 
temperature to initiate (Richardsson et al., 2009), although some trees uses the 
changes in day light as the initiating factor (Fracheboud et al., 2009; Keskitalo et al., 
2005). Trees usually undergo senescence out of necessity, the option not to 
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remobilize the nutrients of the leaves would most likely weaken the tree and it could 
succumb to either abiotic or biotic factors more easily (Näsholm et al., 1998).  An 
interesting note to this is that there is several tree species that do not undergo 
senescence, even though they grow under similar conditions. For example alders 
(Alnus sp.) that can grow on soils with very low nitrogen content, as they have a 
nitrogen fixing symbiont (Frankia). This in turn gives the alders the option to not 
undergo autumn senescence and instead focus on carbohydrate assimilation and let 
the leaves fall of with the first frost (Taulavuori 2006). Conifers have adapted a 
hibernation strategy for their needles and do no shed their needles in late autumn but 
rather when they have reached a certain age (which could be many years), but 
instead prepare them for winter survival by infusing them with sugars and other frost 
tolerance substances (Ögren et al., 1997). If these alternatives exist then why do 
trees shed the leaves at all? Even though the tree will lose valuable resources by 
shedding the leaves one might consider that the overall construction of many leaves 
is made in a way that they aren’t really supposed to function at peak efficiency for 
more than one season, Over time, the leaf will accumulate damage and deleterious 
compounds that no longer function and will just be left inside the leaf and be 
discarded when it is shed (Buchanan-Wollaston 1996). The relative carbon cost of 
constructing new leaves in the spring is not that high (Dicksson 1998), compared to 
evergreens that keep their leaves and need to spend a higher percentage of the 
carbon gain towards maintenance (Pearcy et al., 1987). 

Onset of senescence. 

The concept of onset of senescence is defined as the change in the metabolic state of 
the leaf from being fully photosynthetically active to a senescing state where the leaf 
is actively broken down into valuable components that are transported out of the leaf 
(Fisher and Feller 2002). This change is easiest to follow on a larger scale by 
measuring chlorophyll since the degradation of this molecule is one of the first 
visible markers in the senescence chain of events (Ougham et al., 2008; Matile 
1992). Although once the decrease in chlorophyll is obvious for the eye, the actual 
onset event has already occurred as shown by studies conducted by Hinderhofer 
2001 and He et al., 2001. When senescence has been initiated regardless of initiation 
pathway it seems that the execution of senescence follows the same set path (Guo 
and Gan 2012). Since the actual molecular triggers are still poorly understood we 
cannot with certainty say what exactly occurs in the moment of change, only the 
state of the leaf before and after (Buchanan-Wollaston 1997; Quirino et al., 2000). 
Much previous work has been focused on removing as many variables in this event 
as possible to eliminate possible noise that might obscure the actual trigger event. 
Our understanding of the factors governing the circumstances that are needed for 
initiation of senescence has increased, although the actual trigger has been shown to 
be much more complex than first assumed.  
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Senescence in aspens 

Autumn senescence have been studied intensively in aspens trees (Keskitalo et al., 
2005; Bhalerao et al., 2003; Andersson et al., 2004; Fracheboud et al., 2009) and 
these studies have provided a good knowledge base for this work. Young aspens 
often grown and form leaves throughout the summer but big aspens in our climate 
typically only have one flush, i e all leaves are formed from winter buds that was 
developed in the previous autumn and these do not initiate senescence simply 
because the leaves have reached a certain age, but before it is capable of initiating 
autumn senescence the tree needs to go through growth arrest and set bud 
(Fracheboud et al., 2009). It is very well established that bud set is controlled by 
daylength, see e.g. Howe et al., 1996.  The bud set appear to start at a similar date 
every year regardless of external environmental factors and are controlled by for 
example phytochromes (Olsen et al., 1997). Before the buds have set the tree cannot 
enter autumn senescence by the normal ques, the trees needs to acquire a 
“competence to senescence”. Once the buds have set triggered by photoperiodic 
cues there seems to be a phase of 10-30 days (clone dependent) until the tree have 
achieved a competence to senesce. Once a tree has achieved the competence to 
senesce it is susceptible to the (so far unknown) environmental cues that can initiate 
it (Fracheboud et al., 2009). The capacity to use daylight as initiation factor for 
autumn senescence might be of higher value in climates with fast changing seasons 
and with daylength changing up to an hour a week in the most northern latitudes it 
gives the trees a very accurate perception of the date and more reliable at a much 
higher resolution then a drop in temperature could provide. The cold hardiness that 
aspens develop for the oncoming winter seems not to be connected to initiation of 
senescence but rather with the bud set (Michelson et al, submitted, Figure 1). Full 
freezing tolerance seems to be acquired after a prolonged low temperature cue as 
shown by Welling et al., 2002. If the environmental cue is not given it seems that 
the tree will continue to stay photosynthetically active until the ARCs accumulate 
and initiate senescence, experiments conducted by Fracheboud et al., 2009 were 
aspens were grown under a 21h light period that was prolonged and kept until 
September 21, the experiment showed that not only was the trees inhibited from 
initiating senescence but a clear correlation could be seen between late sensing trees 
and the speed of senescence that increased with trees starting senescence late. It also 
seems that aspen trees that grow in more northern latitudes have a stricter genetic 
control of the initiation and start the senescence earlier then trees that grows in the 
southern latitudes (Fracheboud et al., 2009). Interestingly, the daylight signal that 
initiate onset on senescence seems not to be daylength per se, but some other, yet 
unidentified, daylight related factor (Michelson et al, submitted).  
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Figure 1: The initial phase of cold hardiness development is coordinated with bud set. 
a) Induction of freezing tolerance, measured as electrolyte leakage, in one genotype 
grown under natural conditions. b) Hourly minimum temperature during the period 
when freezing tolerance is acquired. Temperature was measured ca. 300 m from the 
tree. 

Gene expression during senescence. 

Genes that is differentially expressed during senescence has been the main focus of 
many research projects for a long time, usually the senescence associated genes 
(SAG) have been studied and several broad studies have given interesting insights 
into this complex process (Lohman et al., 1994; Buchanan-Wollaston et al., 2003; 
Gepstein et al., 2003; Buchanan-Wollaston et al., 2005; Breeze et al., 2011). The 
studies have shown that very quickly after senescence has been initiated the 
expression of catabolic genes increase greatly (Guo et al., 2004). Most of the 
nitrogen that is to be recycled is located in the chloroplasts, therefore protein 
degradation within the chloroplast is followed by chlorophyll degradation. The most 
important SAG genes are supposed to be involved in these protein degradation 
events. Most research in SAG genes have been conducted in crop species, but the 
gene expression patterns during senescence in aspen seems by large to be similar 
(Bhalerao et al. 2003; Andersson et al. 2004). 

Plant hormones and senescence. 

Plant hormones are the plants main regulators and messaging system and are 
responsible for several vital growth and developmental processes in plants (Davies 
1995; Aaron and Estelle 2009. Hormones are essential for responses to 
environmental cues that the immobile plants have to adjust to. Earlier studies on 
plant hormones were very focused on hormone application on macro scale and 
subsequent interpretation of the results (Ludwig-Müller and Lüthen 2015). Although 
they yielded initially interesting results, they could often not explain the effect in 
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any depth and many of these studies yielded little substantial evidence of the actual 
function of the hormones on a molecular level. Nowadays the field of plant 
hormones have developed, the number of known plant hormones has increased and 
their function have been more elucidated (see e.g. Vanstraelen and Benková 2012)  

Senescence has been shown to be influenced by several plant hormones. The 
hormones have very different functions during the developmental stages of the plant 
(Davies 2010). Senescence promoting hormones are, in general, ethylene, abscisic 
acid, jasmonic acid and salicylic acid, these hormones tend to either promote or 
accelerate the senescence process. They could be produced as stress responses, 
ethylene has been shown to increase before the start of senescence (Aharoni and 
Liberman 1997). Cytokinin, gibberellic acid (GA) and auxins generally tend to have 
a delaying effect on leaf senescence (Gan 2008).   

Abscisic acid (ABA) has been observed to decrease before senescence and has 
therefore been assumed to be associated with onset of senescence (Aharoni and 
Richmond 1978). If detached leaves are treated with ABA they show an accelerated 
senescence but the same experiment conducted on leaves still attached did not show 
the same result indicating a picture not as simple as ABA being a direct inducer of 
senescence, moreover it seems that the ABA has a strong connection to the 
metabolic state of the plant, specifically that of nitrogen and sugar that seems to 
affect the induction of ABA (Pourtau et al., 2004; Buchanan-Wollaston et al., 2005).  

Jasmonic acid (JA) was shown to also have promoting effect on leaf senescence 
when detached leaves where given an external application of JA (Ueada and Kato 
1980; Wasternack and Hause 2002). The response to application of JA to leaves 
have many similarities to the ABA treated leaves, although JA seems to have a 
stronger effect on leaves that are still attached compared to ABA. Senescing leaves 
in Arabidopsis have been shown to contain increased levels of JA in conjunction 
with increased biosynthesis and crosstalk with other hormones (He et al., 2002; 
Sasaki et al., 2001). Other studies have linked JA to decreased cytokinin levels 
however exactly how this connection is regulated or if it a general feature of 
senescence remains unclear (Ananieva 2004). 

Salicylic acid (SA) has also been linked to senescing leaves (Morris et al., 2000). 
SA seems to be more involved in promoting leaf senescence as it has been initiated 
and thus speeding it up as studies made by Morris et al., 2000 have shown that 
lowered SA levels slowed the leaf senescence but didn’t stop the initiation. The SA 
seems to be the hormone that makes the cells changes their state from senescing to 
the final cell death state (Morris et al., 2000). 

Ethylene is a hormone with many roles in the developmental process in plants. 
Ethylene has shown to be a strong accelerator of senescence and associated with leaf 
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abscission and fruit ripening (Zacarias and Reid, 1990). Ethylene seems to be 
induced in connection to biotic and abiotic stresses, and these increased ethylene 
levels can under certain circumstances initiate stress induced senescence (Ouaked et 
al., 2003; Rieske et al., 1995). The initiation of senescence by ethylene will only 
work if a certain age have been reached by the leaf (Jing 2005). Studies conducted 
by Kieber et al., 1993 constitutive induced ethylene by making ctr1 triple mutant 
didn’t affect the timing of senescence. This is a strong indication for the age 
dependent regulation of ethylene, also several SAG genes are induced by ethylene 
(Grbic and Bleecker 1995). These studies of ethylene suggest that ethylene is a 
hormone with extensive crosstalk to other hormones also making it harder to clearly 
make a complete picture of the interactions of ethylene.    

Auxins role during leaf senescence are so far contrasting and not very clear but 
recent investigations have shown that the role might extend into more areas than 
previously thought. Some experiments show that elevated auxin levels prior to 
senescence delays the process (Kim et al., 2011). But this simplistic model has been 
investigated and a number of factors have come to light in the cell regulatory 
network among them many transcription factors seems to be regulating auxins, and 
in some plants the auxin levels increase during senescence further complicating the 
picture of auxins role during senescence (Aharoni et al., 1979). Although most of 
this investigation into the role of auxins during senescence was performed in 
annuals and many food crops, if auxin functions similarly in trees remains to be 
seen. 

Gibberellins are mostly associated with growth and seed development and 
germination (Sun and Gubler 2004).but their role in senescence was shown in early 
studies when leaf discs were treated with gibberellic acid, they tended to stay green 
much longer then untreated leaves (Fletcher and Osborne 1965; Beevers 1966). 
Gibberellins show a tendency to delay leaf senescence but the effect varies a lot 
between species and there is a huge difference in effect between the gibberellin 
species (Nooden 1998; Ranwala et al., 1999). The delaying effect of senescence 
could also be considered that of a weak inhibitor, since the delay is often temporary 
and easily contracted by other factors (Back and Richmond 1971). Many studies 
where mutant plants with altered biosynthesis and perception of gibberellins did not 
have any clear effect on leaf senescence, some reports have shown delay but many 
confounded effects may be the cause rather than the gibberellic acid (Dill et al., 
2004; Richards et al., 2001). 
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Cytokinins 

Cytokinins have been considered as a main hormone for proliferation and are 
involved in many developmental processes such as nutrient mobilisation, shoot 
apical meristem activity, floral development, bud break, seed germination and – 
important for us - leaf senescence.  The role of cytokinins in senescence has mainly 
been reported to be that of an inhibitor (Gan and Amasino 1995). If detached leaves 
of many plants are treated with cytokinin the leaf senescence will be delayed.  A 
general decrease in levels of cytokinin and capacity to synthesize has been observed 
before leaf senescence is initiated in many plants (Gan S and Amasino 1997; Van 
Staden J et al., 1998). In most plants the cytokinins are synthesized in the roots and 
then transported to the leaves, leaves can synthesize cytokinins as well but generally 
on a much smaller scale than the roots (Gan S and Amasino 1997).    

The role of cytokinins in regulating the onset of senescence was tested by 
transforming tobacco plants (Nicotiana tabacum) with a chimeric gene, this gene 
had a senescence specific promoter driving the expression of the IPT gene (Gan and 
Amasino 1995). When senescence was initiated the IPT gene expression also started 
and the concentration of N-isopentenyladenine cytokinins increased. The increased 
concentration of cytokinins inhibited the onset of senescence in the tobacco plants 
but also blocked further expression of the IPT gene and overproduction of 
cytokinins, this indicated that the system was self-regulating and cytokinins could be 
considered a natural regulator of leaf senescence. Studies have indicated that 
cytokinins can function as an accelerator of senescence (Li et al., 1992), so the role 
of the cytokinins during senescence is not as simple or clear as previously thought. 
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Biosynthesis of cytokinins 

 
Figure 2: Cytokinin biosynthesis pathway for the four main cytokinins N6-
isopentenyladenine (IP), trans-zeatin (tZ), dihydro-zeatin(DZ), cis-zeatin(cZ) (for 
other abbreviations, see Supplemental Table S1), and their two main activation 
pathways (MEP and MVA). Reaction pathways are indicated with arrows, with the 
names of the corresponding known genes written beside them. Reaction pathways 
shown to be reversible are marked with two-sided arrows (Sakakibara 2006). 

The cytokinin family have a broad structural diversity as summarized in Figure 2. 
The distributions of the different cytokinins species are not universal and vary 
extensively from species to species and even during the developmental stage of the 
plant (Sakakibara 2006; Hirose et al., 2008). The roles of the different cytokinin 
species is still being investigated and are not completely elucidated.  The 4 main 
groups of cytokinins are N6-isopentenyladenine (iP), trans-Zeatins (tZ), cis-Zeatins 
(cZ) and dihydro-Zeatins (DHZ) a fifth group the aromatic cytokinins or topolins are 
present in some species. These cytokinins can be divided into 3 main categories, 
translocation form, bioactive form and storage and inactivated form. There are two 
pathways in the cytokinin biosynthesis, the dimethylallyldiphosphate pathway 
followed by the tRNA pathway, the tRNA pathway is poorly characterized and the 
actual infusion from tRNA is considered limited, it is believed that the cytokinins 
that are produced from this pathway are mainly cis type cytokinins (Murai 1994).  
The motivation for this assumption is mainly that the ratio of cis to trans tRNA is 
about 40:1 which would suggest that mainly cis type CK are derived from tRNA 
degradation (Vreman et al., 1978; Klämbt 1992). The iP are generally considered as 
the dominant cytokinin with the highest affinity to receptors and therefor a high 
bioactivity (Schmitz and Skoog, 1972; Mok et al., 1978). The trans-zeatins have 
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also been considered as a cytokinin species of high importance since they are often 
found in high concentrations in plants. The Zeatins have been implicated in cis-trans 
isomerization as first described by Bassil et al., 1993. Several studies on the subject 
have been conducted where a weak conversion was shown (Suttle and Banowetz, 
2000) but this is a debated subject since other reports have also detected no 
isomerisation (Kuroha et al., 2002; Yonekura-Sakakibara et al., 2004). The cis 
cytokinins where initially believed to only be a storage form and not have any 
bioactive function since they usually weren’t present in large quantities and only 
showed weak activity in many species. But the plants where they appear in large 
quantities like chickpea (Emery et al., 1998), maize (Veach YK et al., 2003) and 
potatoes (Suttle et al., 2000) special receptor (ZmHK1) have been detected that 
reacts to cis type cytokinins (Yonekura-Sakakibara et al., 2004). Recent studies have 
shown that cis type cytokinin may be involved in completely different roles in plant 
development e.g. in stress responses (Gajdošová et al., 2011; Schäfer et al., 2015). 
The DHZ type cytokinins have mostly been ignored since they usually appear in 
very small concentrations or not at all in some plants. The DHZ seems to resist 
cytokinin oxidases much better (Armstrong 1994; Galuszka et al., 2007), and it has 
been reported to be present in higher concentrations in seeds (Stirk et al., 2012) 
suggesting that it might be utilized as a source for active cytokinins in germinating 
seeds. 

The aromatic cytokinins (topolins) were the last to be discovered and have been 
show to exist in some species like poplars and Arabidopsis (Strnad 1997; Tarkowska 
et al., 2003). Some parts of the biosynthetic pathway seem to be shared with the 
other cytokinins, but a large parts of it remains to be elucidated as with their 
function in plants (Mok MC et al., 2005).   

Cytokinin-related genes 

The cytokinin related gene family in Populus contains some 85 genes, as listed by 
Immanen et al., (2013) but about a further 30 genes including the PUP and ENT 
gene families are supposed to have a role in cytokinin metabolism and/or perception, 
with more being added as they are continuously being discovered or classified as 
cytokinin related genes  

A Key enzyme in the CK biosynthesis is considered to be the IPT gene family 
(Kakimoto 2001; Takei et al., 2001). They are regulating the first step in the 
biosynthesis of cytokinins by the dimethylallyldiphosphate (DMAPP) pathway or 
the tRNA pathway.  The expression of IPT genes seems to depend on several 
factors, one of them being the status of inorganic macronutrients (Takei et al., 
2001). 
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Adenosine kinase (ADK) genes convert base-ribosides into riboside-monophosphate 
(Schoor et al., 2011). The conversion back into the bio-inactive monophosphate 
seems to contribute heavily to the homeostasis within the plant. This system is a way 
for the plant to maintain a recycling of the cytokinins back into inactive form, plants 
were the ADK genes had been silenced an increase in the amount of adenine and 
adenosine could be observed as an effect of the lost recycling (Schoor et al., 2011). 

The cytokinin oxidases or dehydrogenases (CKX) cleave the active cytokinin 
compounds into the irreversibly inactivated degradation products adenine and 
isopentenyl aldehydes (Schmülling et al., 2003). There are 8 CKX genes in poplars 
with gene structure well preserved also between species, the proteins share a very 
low homology with only one FAD-domain as a common feature (Immanen et al., 
2013). 

Adenine phosphoribosyltransferase (APRT) convert cytokinin bases to the 
ribosidemonophosphate form and thereby inactivate the biological activity of the 
compound. In Arabidopsis 5 APT genes exists and the same number can be found in 
poplar as well but the studies of these genes in trees are very sparse. Studies where 
the APT1 activity was removed led to an increase in the concentration of cytokinin 
bases and induced several unwanted cytokinin related responses (Zhang et al., 
2013). The roles of APT2-APT5 in adenine metabolism have been questioned lately 
as they didn’t show any activity with in vitro experiments although APT4-5 is 
detectable in vivo with enzymatic essays. 

Lonely guy (LOG) activates cytokinins by converting the inactive nucleotides to the 
free base cytokinin directly. This direct activation pathway seems to play a vital role 
in the development of plants by regulating cytokinin activity directly. In populus 13 
LOG genes can be found compared to eight in Arabidopsis, the PtLOG5 gene has 
four orthologues’, in Populus the function of this fourfold gene expansion have yet 
to be clarified (Immanen et al., 2013). Increased expression of the LOG genes have 
shown to be connected to delayed senescence, In the LOG gene family, LOG7 
seems to be contributing most to the cytokinin conversion (Tokunaga et al., 2012).  

Conversion of the cytokinin riboside-monophosphates into base-ribosides is 
regulated by two adenosine kinase (ADK) genes. The genes seem to have a very big 
role in maintaining the purine nucleotide pools and regulation of plant growth and 
developmental processes (Moffatt et al., 2000; Zrenner et al., 2006).  

In populus five histidine kinase (HK) receptor genes can be found (CRE1a, CRE1b, 
HK2, HK3a, HKb). The CRE/HK receptors are the main perceivers of cytokinins 
and increased expression of this gene family have shown to increase the 
responsiveness of cytokinins. The HK receptors initiate a phosphor relay system that 
in turn activates the response regulators that will trigger the output domain 
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associated with the specific response regulator (Kakimoto 2003). A high expression 
of the HK3 gene has been associated with leaf longevity during senescence by 
activating the RR2 gene, HK3 and CRE1 did not show any effect on senescence but 
instead seems to be linked to root and shoot development (Kim et al., 2006; Ueguchi 
et al., 2001). 

Cytokinin response regulators (RR) consist of three main groups, types A, B and C. 
The RR is responsible for the final phase in the chain of signal transduction. There 
are eleven type-A RR genes in populus, six type-B RRs and eight type-C RR in total 
25 genes in the RR gene family.  The A-type RR are thought to mainly act as 
negative regulators and type-B as positive regulators of cytokinin signalling 
(Kakimoto 2003). The type-C RR seems to very specific in where they are expressed 
since they have only been found in pollen grains and germinating seeds (Horák et 
al., 2008, Gattolin et al., 2006). The knowledge if the function of the type-C RR in 
populus are still very sparse since they have only recently been discovered and they 
might have other functions in the populus species then what have already been 
reported for type-C RRs. 

The histidine containing phosphotransmitters (HP) family contains 14 genes in 
populus, they are responsible for the translocation of the phosphor group from the 
CRE1/HK receptors to the response regulators located in the nucleus (Punwani et 
al., 2010). The AHP6 or PtHP-like gene acts like a pseudo gene and gives an 
inhibitory role on the phosphorelay (Mähönen et al., 2006). The HP-like genes 
function is still unknown but it has been shown that where it is expressed it creates a 
domain of very low cytokinin signalling and therefore lowering the activity of 
cytokinin effects. In populus the AHP4 genes has four orthologues that like the 
PtHP-like genes have lost the His residue that are vital for the phosphor accepting 
function of the protein. This might indicate that these genes might also act as 
negative regulators of cytokinin signalling (Hutchison et al., 2006; Chu et al., 2011). 

The cytokinin response factors (CRF) contain eight known genes in the CRF 
transcription factor family in Arabidopsis and four of them could also be found in 
populus but investigation and reliable data in populus is severely lacking. Recent 
studies have also indicated that the number of CRF genes is even higher than 
previously thought (Rashotte et al., 2010). The cytokinins CRF role have shown to 
be involved with leaf development (Brenner et al., 2012). 

Carbohydrates and senescence 

The synthesis of carbohydrates by photosynthesis throughout the summer is a vital 
process that will ensure the survival of the tree during the winter months. In the 
northern forest summers are short and therefore the time for carbon allocation is 
limited. The tree collects carbon in addition to the annual growth to be able to 
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prepare for the winter, and the formation of buds which is the guarantee for next 
year’s growth. Late in the season the carbon allocation is shifted to below ground to 
roots and mycorrhizal fungi (Lippu 1994; Kagawa et al., 2006). Timing of autumn 
senescence is therefore critical, entering senescence to early will make the trees not 
gather enough carbohydrate stores for adequate winter survival or protection for the 
buds from extreme cold. That carbohydrates play a role in senescence in many plans 
is clear as many studies indicate that increases in sugar concentration act to initiate 
leaf senescence (Wingler et al., 2009; Wingler and Roitsch 2008), however whether 
low or high sugar status initiate/delay senescence is still a conflicting subject since 
evidence supports both scenarios (Hensel LL et al., 1993; Quirino BF et al., 2000; 
Masclaux 2000; Stessman et al., 2002; Nemeth et al., 1998).  

The function of anthocyanins in leaves is most likely photoprotective which was 
show by the studies conducted by Gould et al., (2004) and Hoch et al., (2003). The 
details about the actual function of anthocyanins have been heavily debated, and 
anthocyanins are also produced when the young leaves develop and start to green or 
when stressed by biotic or abiotic factors (Field et al., 2001; Steyn et al., 2002). A 
common theme for anthocyanin induction is that they are produced when the plant is 
in a vulnerable state or experience stress. Many plants can accumulate anthocyanins 
during senescence which can be considered as a vulnerable state for the leaf when 
many protective compounds and dangerous substances are degraded or moved 
within the cells (Wheldale 1916; Sanger 1971; Chang et al., 1989; King 1997; 
Kozlowski and Pallardy 1997; Field et al., 2001). Carbohydrate status has also been 
linked to anthocyanin production in several studies (Weiss et al., 2000; Larronde et 
al., 1998; Hara et al., 2003). When the plant is exposed to high concentrations of 
sugars this triggers the MYB75/PAP1 gene for biosynthesis of anthocyanins (Teng et 
al., 2005; Solfanelli et al., 2006). However even with multiple studies showing 
various functions for anthocyanins it might be that it is only a way to spend the 
photosynthates that have been accumulated in great quantity, and as such the 
anthocyanins might not have a function at all in some cases. 
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Girdling as an artificial carbohydrate concentration shifter 

 
Figure 3: a) A newly girdled aspen stem b) the same stem 10 years later c) Our 
“favourite free growing aspen” designated as tree 201 with the girdled stem showing 
anthocyanin accumulation. 

Girdling is a technique where the outer bark of a tree is removed, including the 
phloem but leave the xylem intact (Regier et al., 2010). Girdling will induce a block 
in transport down to the roots via the phloem, but root to canopy transport via xylem 
is still functional. In most trees this will mean that the roots will starve to death and 
the tree will subsequently die but this is often not the case in aspen trees (Figure 3). 
Aspens are often connected to each other by the root system since most aspens 
propagate with root suckers and the root connections are often retained even though 
the trees grow to maturity. The root system and its connection to close by trees can 
therefore be quite extensive and the roots will still be supplied by its neighbour’s 
stems with nutrients. When a tree is girdled a build-up of carbohydrates will start in 
the canopy, since a lot more could be produced then can be consumed or utilized 
with the root sink cut off. This will lead to an artificial carbohydrate overload in the 
canopy of the tree. 
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Nitrogen and the effects of senescence 

Trees growing in the northern latitudes not only have to endure the long winters but 
they grow on very nitrogen poor soils (Tamm 1991; Vitousek and Howarth 1991). 
The nitrogen that exist in the soils tend to be in organic forms that are bound in 
complexes that the trees can’t utilize (Lipson and Näsholm 2001; Vitousek et al., 
2002). The breakdown of the nitrogen rich compound by bacteria or time are very 
complex and time consuming and usually will generate much less nitrogen then the 
trees will need (Schimel and Bennett 2004). This constant lack of nitrogen means 
that nitrogen will be the main limitation of growth for the trees, so for increased 
productivity in these forest system additions of fertilizer is a common practice 
(Hyvonen et al., 2008; DeVries et al., 2009). It is common knowledge that you 
should not fertilize your deciduous plants in late summer or autumn since this can 
compromise their winter survivability (Sigurdsson, 2001).  Even though this has 
been known for quite some time it is much less so understood as a biological 
function. Recently some experiments have started to illuminate what is actually 
happening in the plants when additional nitrogen is added late in the season but 
mostly in annual plants (Gutiérrez-Boem et al., 2004; Blandino et al., 2015).  

Arginine vs. conventional fertilizers 

The majority of fertilizers in commercial use consist of inorganic nitrogen such as 
potassium nitrate (KNO3), ammonium (NH4NO3) or urea (CO(NH2)2) these 
inorganic fertilizers although effective on regular crops tend to have some adverse 
effect on deciduous plant species such as decreased winter survival in northern 
climates by extending the growth period of the roots and thus compromising their 
timing of acquiring winter dormancy (Johnsson et al., 2000) but if trees grow in less 
harsher climates late fertilisation can increase the winter survivability (Andivia et 
al., 2012). This shows that a number of different environmental factors must be 
considered to fully understand the effect of nitrogen addition. Trees that grow for a 
very long time and usually don’t have the luxury of a limitless supply of nitrogen in 
the soil and what becomes available is through a slow trickle when old organic 
materials decompose and becomes accessible organic nitrogen (Schulten et al., 
1998; Yu et al., 2002; Andersson et al., 2005). Deciduous trees that are growing on 
soils poor in nitrogen have shown to reabsorb a higher percentage of the available 
nitrogen in the leaves during senescence compared to other trees (Rennenberg et al., 
1998; Lovett et al., 2004; Chapman et al., 2006). But the decomposition of litter and 
other organic tissue result in various organic nitrogen rich compounds. Experiments 
have shown that some trees have a higher uptake capacity for organic nitrogen 
sources then inorganic, this makes sense since the trees would be evolutionary 
geared towards the organic nitrogen that would be the main source for the most of 
the trees lifespan. This doesn’t necessarily mean that they grow better on organic 
nitrogen. Recent studies (see e.g. Näsholm et al., 2009) have shown that also 
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inorganic nitrogen is being utilized by trees although it is still much to learn about 
how big the inorganic vs. organic contribution to the N status of the tree is. Organic 
nitrogen is available in many forms, free amino acids, peptides and protein bound 
amino acids. Studies have shown that more than half of the organic nitrogen in soils 
is composed of protein bound amino acids and peptides (Senwo et al., 1998). The 
trees will need specific transporters for each nitrogen form to be able to utilize it, 
this creates problems for the trees when it comes to the many forms of the organic 
bound nitrogen, fortunately mycorrhizal fungi can absorb the organic nitrogen by 
degrading polymeric nitrogen and provides the tree with nitrogen in exchange for 
carbohydrates and thus giving the tree access to these otherwise unobtainable 
nitrogen forms (Smith & Read 2007). These discoveries have led to the development 
of new fertilizers (arGrow®) that are based on amino acids such as nitrogen rich 
arginine. The organic fertilizers have shown much better uptake in conifers 
compared to conventional fertilizers. Arginine is also the compound that trees use 
for storing excess nitrogen and it is a major transport molecule of plants (Nordin et 
al., 1997; Bausenwein et al., 2001; Rennenberg et al., 2010).  

Aspens and the measurements of autumn senescence. 

Aspens as model system 

The genus Populus belongs to the Salicaceae family, and contains some 35 different 
species. The Populus species and their hybrids are spread out over a wide 
geographical area concentrated on the northern hemisphere. Furthermore Populus 
trichocarpa was the first tree that had its genome fully sequenced (Tuskan et al., 
2006). This provides a very good platform for genetic and molecular studies for the 
Populus species since and abundance of information is available.  

European aspen (Populus tremula) (Figure 4) is native to most parts of Europe and 
continues to stretch all over Russia to China, in Sweden they are found throughout 
the country (Cadullo and de Rigo 2016). Aspens are not regarded as a high value 
commercial tree since it is has a rather soft wood compared to other trees, although 
the tree is well suited for biomass crop since it grows very rapidly (Savill 2013, 
Mackenzie 2010). Aspen is a pioneer species that tend to populate areas that have 
been emptied by forest fires or clearcuttings (Latva-Karjanmaa et al., 2007). This 
ability to grow fast in the juvenile phase and out-compete other trees usually locates 
aspens at the edge of fields or roadsides where they often cluster in clonal stands. 
The European aspen has been chosen as the model species for autumn senescence in 
deciduous trees. The hybrid aspen clone T89 (Populus tremula x tremuloides) is 
used commonly in the lab, and provides abundance of tools and information needed 
for the study of senescence in aspens.  
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Figure 4: Free growing aspen” (Populus tremula) in the Umeå region, the photos 
were taken on September 19. 

The Populus tremula was used as model in all three papers presented in this thesis. 
The T89 clone has turned out not to be a suitable system for our senescence studies, 
neither in the lab, nor in the field in our climate it obviously doesn’t senescence like 
our “normal aspens” do. This “poor behaviour” of T89 during senescence is most 
likely caused by poor adaptation to our climate. One particular aspen that is growing 
at the Umeå university campus have been the focus of many studies on aspens and 
autumn senescence (Keskitalo et al., 2005; Fracheboud et al., 2009; Bhalerao et al., 
2003; Andersson et al, 2004) and also studied in Paper I and Paper III. The aspen is 
designated 201 (Figure 3c). It has in fact recently appeared in two plant physiology 
textbooks as a representative for autumn senescence in trees. Recently the genome 
of the 201 was sequenced and is now publicly available as the first genome 
assembly of Populus tremula (P.tremula V1.1 www.popgenie.org). 

SwAsp garden and free growing aspens 

Selecting aspens candidates for the experiments was mainly conducted by using the 
already abundant aspen stands that grows throughout the region in Umeå. Usually 
free growing aspens tend to cluster since established trees will continue to propagate 
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through root suckers in extension to seed propagation. The aspen trees ability to 
form clusters by root sucker propagation will make the likelihood of a cluster to be 
clones very likely. The aspen stands can be easily checked by a few select markers 
trough QPCR to ascertain if they are clones, the trees used in Paper I and the field 
fertilisation experiment in Paper II was checked with microsatellite markers to 
confirm that they were clonal, all grouping within a stand in Paper I and Paper II 
was shown to be of clonal origin.  

The Swedish aspen collection (SwAsp) garden was established in 2004 and contains 
aspens collected from 12 locations in Sweden covering most of the country from the 
latitudinal span of 56.3˚N to 66.2˚N.(Luquez et al., 2008; Ingvarsson et al., 2008). 
Two gardens have been established and contain the same collection of trees, one 
northern site is in Sävar (63.4˚N) close to Umeå and the other in Ekebo (55.9˚N) that 
is in the southern Sweden. The gardens contain 12 clone groups with 10 clones in 
each group. The clone groups have been collected in a manner so that it will cover a 
wide geographical area of Sweden to maximize the phenotypical variation. 

Identifying onset of senescence. 

To be able to measure autumn senescence on a macro scale we use the visual cue of 
chlorophyll breakdown. The breakdown of chlorophyll is strongly linked to the 
progress of senescence and using this reference can tell us how far the senescence 
has progressed (Ougham et al., 2008). The CCM-200 (Opti-sciences, Hudson USA) 
was used for all chlorophyll measurements presented in this study, the CCM200 is a 
non-invasive hand held spectrophotometer that measures a relative chlorophyll 
content value. The relative chlorophyll content values have been shown to correlate 
very well with actual chlorophyll concentrations in the leaf (Richardson et al., 
2002). Although “onset of autumn senescence” in theory is simple, to define it out 
of experimental data is not straightforward. There is a constant “tear and wear” 
degradation of chlorophyll, but this degradation is typically much accelerated, in our 
climate typically in mid-September. Although it is not obviously whether there 
really is a “date of onset of senescence” or a gradual change in chlorophyll 
degradation speed that happen over a few days, we need a way to translate the 
curves for rather noisy measured chlorophyll levels to dates, in order to compare 
between treatments. 
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Figure 5: Chlorophyll values and the onset day are calculated by the intersection of 
the red and green line, the end of senescence is calculated by the intersection of the 
green and blue line.  

A method was constructed using an R script (R Development Core Team) where a 
proxy of the onset of senescence was calculated based on the chlorophyll 
degradation curves (Figure 5). We have found that the nitrogen content of an aspen 
leaf and the relative chlorophyll content value obtained by the CCM-200 correlated 
linearly as shown in Figure 6. 

 
Figure 6: Nitrogen content plotted against the relative chlorophyll content value 
(CCM). 
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Objectives 

The objectives of this thesis are to understand the molecular regulatory factors 
governing the actual onset event of autumn senescence in European aspen. The main 
factors that have been investigated are: 

 
 

• The effect of increased levels of carbohydrates studied by girdling. 
• The effect of organic and inorganic nitrogen studied by “precision 

fertilisation”. 
• The effects of cytokinins studied by profiling of cytokinins species and 

gene expression.. 
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Results and discussion 

Carbohydrate accumulation induce premature senescence in aspens 
(Paper I) 

Girdling in aspen trees induced a number of different effects: 1) a premature 
senescence 2) anthocyanins levels are either maintained or increased after onset of 
senescence 3) flowering 4) slowed down senescence progress compared to 
“naturally induced” senescence. The increased concentration of photosynthates has 
obviously a profound effect on the trees capacity to initiate senescence as shown in 
Paper I. Initiating senescence later will increase the annual photosynthetic yield for 
the tree, so there exist a trade-off between late initiated senescence and risking frost 
damage that will cause less nutrients to be remobilized. The girdling study showed 
that an increase in carbohydrates gives an earlier induction of senescence and an 
increase in anthocyanin. Onset of senescence was, in our case, about 2 weeks earlier 
than control trees. The time it takes to complete senescence in the girdled trees was 
on the other hand doubled and the rate of degradation in chlorophyll was therefore 
only half the usual rate. The slower rate of senescence could perhaps be due to the 
weather conditions being more favourable earlier in the season as senescence are 
conducted at a slower pace in warmer climate (Fracheboud et al., 2009), or some 
other “internal factor” in the tree could be responsible for the change. The 
“competence to senesce” for our aspen trees seems to develop around 20 days after 
bud set. The trees that were girdled had set buds roughly in the last week of July and 
started showing senescence symptom around august 20. Maybe initiation of 
senescence in the girdled trees would be even earlier if not for the inability to start 
until bud set, this would be in line with the theory that bud set in aspens is a 
regulative ARC.  

The maintained or increased anthocyanin levels that were linked to the onset of 
senescence in girdled trees can be a way for the tree to increase the protection from 
photo-oxidative stress (Schaberg et al., 2008; Field et al., 2001). The extra 
protection of the anthocyanin could help the tree to more efficiently extract nutrient 
from the leaves, which correlates with our data that indicates a higher remobilisation 
in girdled trees. The extra carbohydrates that the tree has accumulated are very 
likely used for the synthesis of the anthocyanin at the onset of senescence.  It should 
be noted that in many other species it has been observed that increased sugars 
concentration alone can induce anthocyanin biosynthesis (Weiss et al., 2000, 
Larronde et al., 1998, Hara et al., 2003) but in aspens it seems the sugar-induced 
pathway is not initiated until leaf senescence is has begun, as we rarely have 
observed anthocyanin accumulation in green leaves. 



 

30 
 

The variation in onset of senescence in different aspen clones indicates that a 
different selection pressure is in effect that seems to be linked with the nutrient 
status of the soils. This effect was observed in the girdling experiments where the 
start of senescence was delayed in one stand with chlorophyll levels that was much 
higher than in trees growing under normal conditions, as the chlorophyll levels are 
related to nitrogen levels in the tree. 

Inorganic nitrogen delays senescence but organic nitrogen do not affect 
senescence (Paper II) 

The addition of small amounts of nitrate during autumn gradually slows the period it 
takes to complete the senescence, counted from initiation to leaf abscission. The 
effects are subtle at small amounts of nitrate but as the amount increases a threshold 
seems to be crossed where the plant almost puts the senescence progression on hold 
and a shift in the metabolic process can be observed. For our “full-grown aspens” 
these changes could observed in as small amount as 4g of nitrate added during a 
growing season. As mentioned earlier alders (Alnus spp.) do not go through autumn 
senescence. Alders can do this and thrive without the remobilized nutrients because 
of the symbiosis with nitrogen fixing filamentous bacteria (Frankia) that grows in 
the root nodules of the tree. The tree effectively gets the nitrogen it needs and can 
spend more time to collecting additional carbohydrates for the oncoming winter. 
This extra time of carbon allocation is obviously outweighing the loss of nitrogen 
and other nutrients (Hoch et al., 2003; Fajardo et al., 2013; Vanderklein and Reich 
1999). As the growing season in our climate is around four months, a couple of 
weeks – as we observe in Paper II - can make a significant difference at our 
latitudes. 

 
Figure 7: Nitrogen treatment of aspen tree growing outside. The trees was treated 
with no (ctr,left), Low (0,14g, middle) and high (1,38g, right) amounts of nitrogen 
every biweekly from July until mid-august. 
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The nitrogen addition experiments in Paper II established that fertilized aspens could 
acquire an altered senescence profile. When higher amounts of nitrate were applied 
the onset of senescence was shifted, up to 2-3 weeks. The trees that experienced a 
more profound delay also conducted senescence faster, the cause was most likely 
that of temperature shift, which in the beginning of October reaches down to 
freezing during the nights. The trees in the small common garden experiment in 
Paper II was treated with a high dose of nitrogen, they showed no onset of 
senescence at the “usual onset time”. In another common garden experiment the 
results from one clone group can be seen in Figure 7, the trees was treated with no 
(Ctr), Low (0,14g) and high (1,38g) amounts of nitrogen biweekly from July until 
mid-august. The experiment showed that trees supplied with a high dosage of 
nitrogen have twice the amount of chlorophyll and even though the senescence is 
conducted with the same rate or higher as non-treated trees they don’t reach half 
their initial chlorophyll value before frost killed the leaves.  

When trees were exposed to two different regimes of nitrogen (Paper II), one with 
only inorganic nitrogen (KNO3) and the other with organic nitrogen (arginine: 
arGrow®) through an IV-bag infusion treatment (Figure 8) they expressed different 
senescence profiles. Senescence could be delayed already at the lowest supplied 
nitrate dose (4 g(4g). However, increased dosage of up to 60g of nitrate didn’t make 
much additional difference, hence there may be a threshold effect by nitrate 
fertilization on senescence. The senescence profile for the arginine treated trees 
showed no significant difference from control trees in any supplied concentration. A 
metabolic profiling revealed a clear difference in the metabolome between the two 
treatments. Aspens that received nitrate seemed to acquire an altered metabolic 
profile in a dose dependent manner (Paper II, Figure 7).  
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Figure 8. Aspens with IV-bags attached, used for the nitrogen infusion in Paper II. 
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Cytokinins and senescence. 

The tree used for the cytokinin profiling in paper III is our “favourite” 201 where 
timing of onset of senescence have been studied for several years before (Keskitalo 
et al., 2005; Fracheboud 2009). These studies have shown a very stable date of onset 
of senescence from year to year indicating a rigid system for the initiation of 
senescence.  

The extensive profiling of cytokinins in Paper III provided insights into the 
cytokinin hormonal status during the autumn. Most previous studies have focused 
on herbs/crops (Raspor et al., 2012, Mornya et al., 2011), but there are also studies 
performed in conifers (Rasmussen et al., 2009) with the focus on growth and 
development, obviously not autumn senescence as an evergreen do not undergo 
autumn senescence. Most studies in annuals have reported that senescence is usually 
preceded by a decrease in cytokinins (Gan and Amasino 1995; McCabe et al., 2001; 
Ori et al., 1999). Some authors have also argued that the decreasing cytokinin levels 
are the cause for initiation of senescence (Hirose et al.. 2008; Kudo et al.,. 2010; 
Singh et al., 1992).  

The cytokinin profiles generated in Paper III spanned over 3 consecutive autumns. 
Senescence was initiated on approximately the same date (within a few days), like in 
earlier studies on this particular aspen (Fracheboud 2009, Keskitalo et al., 2005). 
Our measurement spanned from end of July to beginning of October with over 30 
time points collected each. 

 

The active cytokinin levels of IP decreased slight during the first half of the autumn 
in the year 2012-13 whereas in 2011 the IP had a more or less on a constant 
abundance throughout the season.  Although the levels where somewhat inconsistent 
in 2012 (Figure 9), a small increase of IP levels in the last week was observed 2012-
13. Since IPs and tZs are considered to be the main active cytokinins this profile 
would suggest that IPs, the most abundant active cytokinin species in our samples, is 
unlikely to block or delay senescence. The trans-zeatins exhibited a somewhat 
similar pattern to the IPs but decrease until late stages of senescence when they 
actually stated to accumulate again. In 2011, both IPs and tZ leaves were more or 
less stable throughout the season. cis-zeatins had a very unclear pattern, all years 
looked different except for a strong increase in last stages of senescence that was 
consistent. cis-Zeatins were also much less abundant (concentrations ranging from 
0,2-0,6 pmol/g). The dihydrozeatins which are considered to be the CK with least 
activity were in our profile also the least abundant of all the CKs (ranging from 
0,05-0,1pmol/g). The DHZ behaved similar over years, but did appear in a twofold 
higher concentration in 2012 and 2013 compared to 2011, and an increase in 
concentration in late stages of senescence was also observed for DHZ. This late 
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season increase in cis-zeatin may be linked to increased stress in the leaves; recent 
studies have indicated that the cis-zeatin may play a role in stress responses (Schäfer 
et al., 2015). 

In aspens the cytokinins seemed however to fluctuate much less and only a small 
increase in the active cytokinins was observed (Paper III: sup figure 4). Therefore 
we do not believe that diurnal fluctuations in CK levels can explain any of our 
results.  

 
Figure 9: Concentration of active cytokinins of four isoprenoid CK groups, a) trans-
zeatin, b) cis-zeatin, c) dihydrozeatin and d) N-isopentenyladenine, in triplicate 
samples of aspen leaves, presented as the sum of ribosides and bases. The values (in 
pmol per g fresh weight leaf material) are averaged for each week of measurements 
over a period of 11 weeks in total (weeks 29-40). Error bars show standard deviation 
(±SD). The approximate date of onset of senescence is marked with a red vertical 
line; September 10 occurred in week 37 in 2012-13 and in week 36 in 2011. 

 
Studies by Novakova et al., 2005 have shown that cytokinins can fluctuate in levels 
during the day, a fourfold change in concentrations of CKs over the period of one 
day is not uncommon. In aspens the cytokinins seems to fluctuate much less and 
only a small increase in the active cytokinins was observed (Paper III:sup figure 4). 
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Cytokinins also have the capacity to interconvert between the different subgroup 
types and from the active to inactive forms (Sakakibara 2006), that’s why a view if 
the total pool of cytokinins might give a larger view of cytokinins during autumn 
senescence. The total pools of cytokinins were showed large variations from year to 
year (Figure 10e). The pool of iP type cytokinins (Figure 10d) generally decreased 
before onset of senescence and then remained somewhat steady. trans-Zeatin pools 
(Figure 10a) being the most abundant cytokinin species displayed relatively 
constant levels over 2 years but in (2012), the pool size showed a gradual increase to 
twofold levels over 2011 and 2013. cis-Zeatin pools (Figure 10b) showed a gradual 
increase during the whole season but with a variation in concentration between the 
years. Dihydrozeatin (Figure 10c), which surprisingly was the second most 
abundant cytokinin type if all, not only active, forms were considered showed a 
rather constant concentration in 2011 and a steady increased in 2013 and only an 
initial increase in 2012 followed by steady levels until the end of senescence. 

The knowledge of aromatic CK, topolins, and their function is still very fragmented, 
and as they do not appear in every species their function may be very specialized. In 
aspen topolins are present they were therefore also investigated for any potential 
interesting profile during autumn senescence. Their profile showed an unclear 
picture (Paper III, Fig5), in 2 years they kept the same level throughout the season 
and a very weak increase could be observed after initiation of autumn senescence. In 
one of the years (2012) however, a strong increase was observed already in the 
beginning of August and kept at this high level until just before onset of senescence 
when levels decreased to initial levels. The very different yearly profiles and a 
seemingly constant baseline concentration suggest that topolins are most not 
involved in regulating autumn senescence. 

We also profiled expression of genes related to cytokinin biosynthesis, regulation 
and signalling. RNA-seq data from one year (2011) showed that out of the 85 
previously identified “cytokinin associated genes”, expression of 32 was found in 
leaves. We also profiled 22 additional genes that may have a role in cytokinin 
perception (PUP, ENT, AK, CRF and AP2/ERF). Generally the expression profiles 
for CK metabolism genes could not obviously be connected to the levels of the 
corresponding metabolite (Paper III: Fig 6). Some genes like HK3a and HK3b 
showed a strong increase in expression before the onset of senescence and well after 
the initiation event. Since HK3 is a receptor gene responsible for cytokinin 
signalling and sensitivity, this expression profile of HK3 would correspond to an 
increased responsiveness to cytokinins just before the onset of senescence, which  
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Figure 10: Total concentration of cytokinins in four isoprenoid CK groups, a) trans-
zeatin, b) cis-zeatin, c) dihydrozeatin and d) N-isopentenyladenine, in triplicate 
samples of aspen leaves, presented as the sum of CK nucleotides, ribosides, bases and 
N-/O-glucosides. The values (in pmol per g fresh weight leaf material) are averaged 
for each week of measurements over a period of 11 weeks in total (weeks 29-40). 
Error bars show standard deviation (±SD). The approximate date of onset of 
senescence is marked with a red vertical line; September 10 occurred in week 37 in 
2012-13 and in week 36 in 2011. Subfigure e) depicts the average total amount of 
cytokinins over each year. 

would be opposite to what would be expected if one would assume that decreased 
levels of cytokinin receptors could explain why aspen leaves start senescence in the 
autumn. 

Considering the results from paper III together with earlier studies in aspen, a 
decrease in the concentration in one of the CK types is unlikely to explain the well 
timed and regulated onset of autumn senescence in aspens. 
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Conclusions and future perspective 

Although all three papers of this thesis deal with factors initiating autumn 
senescence in aspen, it is not obvious how they all are connected. One possibility is 
that there exists a nitrogen/carbohydrate switch upstream from the daylight trigger 
that can initiate senescence and the increased carbohydrate status also triggers 
anthocyanin production but only after onset of senescence  

The results of Paper II indicated that when the tree receives enough nitrogen the 
completion of senescence is given less priority or actively delayed by the tree to 
prolong the carbon assimilation at the cost of decreased nitrogen remobilisation 
from leaves. The mature aspens used in the organic/inorganic nitrogen experiment in 
Paper II didn’t react to treatment as dramatically as the juvenile aspens in the first 
nitrogen addition. The more mature trees may handle the extra supplied nitrogen 
differently since they have more total biomass to distribute the received nitrogen and 
they also have the root connection to neighbouring aspens, this might allocate the 
nitrogen more evenly then trees grown without root connections. But another 
obvious explanation is that the dose they were giving was much lower, the young 
trees in the first experiment in Paper II had two-fold increased chlorophyll levels 
(that seems to mean double the amount of leaf nitrogen) while the older trees did not 
get enough nitrogen to change chlorophyll levels. There apparently seems to be a 
threshold for nitrate sensing that the tree perceives and accordingly changes 
senescence, but if trees get overloaded by high amounts of nitrate big effects on 
chlorophyll levels and senescence occurs. A question that needs to be addressed is if 
the observed metabolic shift was caused by decreased chlorophyll or if the decreased 
chlorophyll was the reason for the shift in the metabolome.  Another issue that 
maybe should be better studied is if the “shift” that was observed is an effect of how 
we calculate the onset. Our current model for calculating the onset of senescence 
(Paper II) was developed in trees not highly fertilized and calculates a break 
between two lines in the chlorophyll concentration curve (Figure 5) which is less 
obvious in the trees in a high nitrogen regime (Paper II Fig1). Maybe measurements 
on more leaves and more often would give less noise and better precision in the 
calculations.  

The data from paper III showed that the pattern of the isoprenoid cytokinins during 
autumn senescence is unlikely to explain onset of autumn senescence in aspens. The 
senescence trigger in aspens and other trees that initiate senescence by the calendar 
could potentially have a separate signalling transduction chain and that this does not 
include CK. However if the CK are acting downstream of the trigger the aspens 
ability to acquire competence to senescence that could be linked to decreased 
cytokinin levels which would give cytokinins the role of blocking early induction of 
senescence instead of promoting senescence by decreased concentration, this would 
mean that increased CK levels through external application would still cause 
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delayed senescence but not hinder the trees from initiating senescence, although 
further studies is required to elucidate this.  

The observed delay in both initiation and progression of senescence in Paper II 
could be due to increased levels of cytokinins and measuring CK during senescence 
in trees receiving inorganic nitrogen would confirm if the role of cytokinin could 
also extend to a speed regulator of senescence in aspens.  
 

 



 

39 
 

References 

 
Aaron, S. & Estelle, M. (2009). Recent advances and emerging trends in plant 

hormone signaling Nature 459:1071-1078 
Aharoni, N. and Lieberman, M. (1997). Ethylene as a Regulator of Senescence in 

Tobacco Leaf Discs Plant Physiol 64: 801-804 
Aharoni, N. and Richmond, A.E. (1978). Endogenous gibberellin and abscisic acid 

content as related to senescence of detached lettuce leaves. Plant Physiol. 
62: 224–228. 

Aharoni, N., Anderson, J.D. and Liebermann, M. (1979). Production and action of 
ethylene in senescing leaf discs effect of indoleacetic acid, kinetin, silver 
ion, and carbon dioxide. Plant Physiol. 64: 805–809. 

Ananieva, K., Malbeck, J., Kaminek, M. and van Staden, J. (2004). Methyl 
jasmonate downregulates endogenous cytokinin levels in cotyledons of 
Cucurbita pepo (Zucchni) seedlings. Physiol. Plant 122: 496–503. 

Andersson, A., Keskitalo, J., Sjodin, A., Bhalerao, R., Sterky, F., Wissel, K., 
Tandre, K., Aspeborg, H., Moyle, R., Ohmiya, Y., Bhalerao, R., Brunner, 
A., Gustafsson, P., Karlsson, J., Lundeberg, J., Nilsson, O., Sandberg, G., 
Strauss, S., Sundberg, B., Uhlen, M., Jansson, S., Nilsson, P., (2004). A 
transcriptional timetable of autumn senescence. Genome Biology, 5:R24  

Andersson, P., Berggren, D. (2005). Amino acids, total organic and inorganic 
nitrogen in forest floor soil solution at low and high nitrogen input. 
Water, Air and Soil Pollution, 162: 369–384. 

Andivia, E., Márquez-García, B., Vázquez-Piqué, J. et al. (2012). Autumn 
fertilization with nitrogen improves nutritional status, cold hardiness and 
the oxidative stress response of Holm oak (Quercus ilex ssp. ballota 
[Desf.] Samp) nursery seedlings. Trees, 26: 311. 

Armstrong, D.J. (1994). Cytokinin oxidase and the regulation of cytokinin 
degradation. In DWS Mok, MC Mok, eds, Cytokinins: Chemistry, 
Activity, and Function. CRC Press, Boca Raton, FL, pp. 139–54 

Back, A. and Richmond, A. E. (1971), Interrelations between Gibberellic Acid, 
Cytokinins and Abscisic Acid in Retarding Leaf Senescence. Physiologia 
Plantarum, 24: 76–79. 

Bassil, N.V., Mok, D.W.S., Mok, M.C. (1993). Partial purification of a cis-trans-
isomerase of zeatin from immature seed of Phaseolus vulgaris L. Plant 
Physiology 102:867-872. 

Bausenwein, U. Millard, P. Thornton, B. and Raven, J. A. (2001). Seasonal nitrogen 
storage and remobilization in the forb Rumex acetosa. Funct. Ecol.15, 
370–377. 

Beevers, L. (1966). Effect of gibberellic acid on the senescence of leaf discs of 
nasturtium (Tropaeolum majus). Plant physiology 41:1074-1076 

Bhalerao, R., Keskitalo, J., Sterky, F., Erlandsson, R., Bjorkbacka, H., Birve, S.J., 
Karlsson, J., Gardestrom, P., Gustafsson, P., Lundeberg, J., Jansson, S. 
(2003)Gene expression in autumn leaves. Plant Physiol, 131:430-442 



 

40 
 

Blandino, M., Vaccino, P. and Reyneri, A. (2015) Late-Season Nitrogen Increases 
Improver Common and Durum Wheat Quality. Agronomy journal 
107:680-690 

Breeze, E., Harrison, E., McHattie, S., Hughes, L., Hickman, R., Hill, C., Kiddle, S., 
Kim, Y.S., Penfold, C.A., Jenkins, D., Zhang, C., Morris, K., Jenner, C., 
Jackson, S., Thomas, B., Tabrett, A., Legaie, R., Moore, J.D., Wild, D.L., 
Ott, S., Rand, D., Beynon, J., Denby, K., Mead, A., Buchanan-Wollaston, 
V. (2011). High-resolution temporal profiling of transcripts during 
Arabidopsis leaf senescence reveals a distinct chronology of processes 
and regulation. Plant Cell 23,: 873–894. 

Brenner, W.G., Ramireddy, E., Heyl, A. and Schmülling, T. (2012). Gene regulation 
by cytokinin in Arabidopsis. Front. Plant Sci 3:8 

Buchanan-Wollaston, V. (1997). The molecular biology of leaf senescence. J Exp 
Bot, 48:181-199. 

Buchanan-Wollaston, V., Earl, S., Harrison, E., Mathas, E., Navabpour, S., Page, T., 
Pink, D. (2003). The molecular analysis of leaf senescence – A genomics 
approach. Plant Biotechnol J. 1:3–22. 

Buchanan-Wollaston, V., Page, T., Harrison, E., Breeze, E., Lim, P.O., Nam, H.G., 
Lin, J.F., Wu, S.H., Swidzinski, J., Ishizaki, K., Leaver, C.J. (2005). 
Comparative transcriptome analysis reveals significant differences in 
gene expression and signalling pathways between developmental and 
dark/starvation-induced senescence in Arabidopsis. Plant J. 42:567–585. 

Buchanan-Wollaston, V., Page, T., Harrison, E., Breeze, E., Lim, P.O., Nam, H.G., 
Lin, J.F., Wu, 

Caudullo, G., de Rigo, D., (2016). Populus tremula in Europe: distribution, habitat, 
usage and threats. In: San-Miguel-Ayanz, J., de Rigo, D., Caudullo, G., 
Houston Durrant, T., Mauri, A. (Eds.), European Atlas of Forest Tree 
Species. Publ. Off. EU, Luxembourg, pp. e01f148 

Chang, K.G., Fechner, G.H., Schroeder, H.A. (1989). Anthocyanins in autumn 
leaves of quaking aspen in Colorado. Forest Sci. 35:229–236. 

Chapman, S.K., Langley, J.A., Hart, S.C., Koch, G.W. (2006) Plants control 
nitrogen cycling: uncorking the microbial bottleneck. New Phytologist, 
169:27–34. 

Chen, Y., Perera, V., Christiansen, M.W. et al. (2002). Expression Profile Matrix of 
Arabidopsis Transcription Factor Genes Suggests Their Putative 
Functions in Response to Environmental Stresses. Plant Cell, 14: 559-
574. 

Chu, Z.X., Ma, Q., Lin, Y.X., Tang, X.L., Zhou, Y.Q., Zhu, S.W., Fan, J., Cheng, 
B.J. (2011). Genome-wide identification, classification, and analysis of 
two-component signal system genes in maize. Genet Mol Res, 10:3316– 
3330. 

Cooke, J. and Weih, M. (2005) Nitrogen storage and seasonal nitrogen cycling in 
Populus: bridging molecular physiology and ecophysiology. New 
phytologist, 167: 19–30 

Davies, P. (2010). Plant Hormones: Biosynthesis, Signal Transduction, Action!. 
Springer Netherlands. ISBN: 978-1-4020-2686-7 

Davies, P. J. (1995). In Plant Hormones: Physiology, Biochemistry and Molecular 
Biology (ed. Davies, P. J.) Kluwer Academic,1–12 



 

41 
 

Dickson, R.E. (1998). Carbon and nitrogen allocation in trees. Forest Tree 
Physiology 46:631-647 

Dill, A., Thomas, S.G., Hu, J., Steber, C.M. and Sun, T. (2004). The Arabidopsis F-
box protein SLEEPY1 targets gibberellin signaling repressors for 
gibberellin-induced degradation. Plant Cell 16: 1392–1405. 

van Doorn, W.G., and Woltering, E.J. (2004). Senescence and programmed cell 
death: substance or semantics? Journal of experimental botany 406:2147-
2153 

Fajardo, A., Piper, F. I., Hoch, G. (2013). Similar variation in carbon storage 
between deciduous and evergreen treeline species across elevational 
gradients. Ann. Bot. 112 623–631 

Feild, T.S., Lee, D.W. and Holbrook, N.M. (2001) Why leaves turn red in autumn. 
The role of anthocyanins in senescing leaves of red-osier dog-wood. 
Plant Physiol. 127: 566–574. 

Feller, U. and Keist, M. (1986). Senescence and nitrogen metabolism in annual 
plants. In: Lambers H, Neeterson JJ, Stulen I, eds. Fundamental, 
ecological and agricultural aspects of nitrogen metabolism in higher 
plants. Dordrecht: Martinus Nijhoff Publishers, 219-34. 

Fischer, A., Feller, U. (1994). Senescence and Protein-Degradation in Leaf 
Segments of Young Winter-Wheat - Influence of Lead Age. Journal of 
Experimental Botany 45: 103-109 

Fletcher, R.A. and Osborne, D.J. (1965). Regulation of protein and nucleic acid 
synthesis by gibberellin during leaf senescence. Nature 207: 1176–1177. 

Flowers, T.J., Gaur, P.M., Gowda, C.L.L., Krishnamurthy, L., Samineni, S., 
Siddique, K.H.M., Turner, N.C., Vadez, V., Varshney, R.K. and Colmer, 
T.D. (2010). Salt sensitivity in chickpea. Plant, Cell and Environment  
33:490–509 

Fracheboud, Y., Luquez, V., Bjorken, L., Sjodin, A., Tuominen, H., & Jansson, S., 
(2009). The control of autumn senescence in European aspen. Plant 
Physioogyl, 149:1982-1991.   

Galuszka, P., Popelková, H., Werner,T., Frébortová, J., Pospíšilová, H., Mik, V., 
Köllmer, I., Schmülling, T., Frébort, I. (2007) Biochemical 
characterization of cytokinin oxidases/dehydrogenases from Arabidopsis 
thaliana expressed in Nicotiana tabacum L. Journal of Plant Growth 
Regulation 26:255-267. 

Gan, S. (2008). Annual Plant Reviews, Senescence Processes in Plants. John Wiley 
& Sons. ISBN:0470994266 

Gan, S. and Amasino, R.M. (1997) Molecular regulation and manipulation of leaf 
senescence. Plant physiology 113:313-319 

Gattolin, S., Alandete-Saez, M., Elliott, K., Gonzalez-Carranza, Z., Naomab, E., 
Powell, C., 

Gepstein, S., Sabehi, G., Carp, M.J., Hajouj, T., Nesher, M.F., Yariv, I., Dor, C., 
Bassani, M. (2003). Large-scale identification of leaf senescence-
associated genes. Plant J, 36:629–642. 

Ghelardini, L., Berlin, S., Weih, M., Lagercrantz, U., Gyllenstrand, N. 
and Rönnberg-Wästljung, A-C. (2014) Genetic architecture of spring and 
autumn phenology in Salix. BMC Plant Biology 14:31 



 

42 
 

Gould, K.S. (2004) Nature’s swiss army knife: the diverse protective roles of 
anthocyanins in leaves. Journal of Biomedicine and Biotechnology 5: 
314–320 

Grbic, V. and Bleecker, A.B. (1995). Ethylene regulates the timing of leaf 
senescence in Arabidopsis. Plant J. 8: 595–602. 

Gutiérrez-Boem, F.H., Scheiner, J.D., Rimski-Korsakov, H. et al. (2004). Late 
season nitrogen fertilization of soybeans: effects on leaf senescence, yield 
and environment. Nutrient Cycling in Agroecosystems, 68: 109 

Hara, M., Oki, K., Hoshino, K., Kuboi, T. (2003). Enhancement of anthocyanin 
biosynthesis by sugar in radish (Raphanus sativus) hypocotyl. Plant Sci. 
164:259–265. 

He, Y., Fukushige, H., Hildebrand, D.F. and Gan, S. (2002). Evidence supporting a 
role of jasmonic acid in Arabidopsis leaf senescence. Plant Physiol. 128: 
876–884. 

He, Y., Tang, W., Swain, J., Green, A., Jack, T. and Gan, S. (2001) Networking 
senescence-regulating pathways by using Arabidopsis enhancer trap lines. 
Plant Physiol. 126:707–716 

Hendry, G.A.F., Houghton, J.D., Brown, S.B., (1987). The degradation of 
chlorophyll — a biological enigma. New Phytol, 107: 255–302 

Himelblau, E., Amasino, R.M. (2001) Nutrients mobilized from leaves of 
Arabidopsis thaliana during leaf senescence. J Plant Physiol 158: 1317–
1323 

Hinderhofer, K. and Zentgraf, U. (2001) Identification of a transcription factor 
specifically expressed at the onset of leaf senescence. Planta 213:469-473 

Hirose, N., Takei, K., Kuroha, T., Kamada-Nobusada, T., Hayashi, H., & 
Sakakibara, H. (2008). Regulation of cytokinin biosynthesis, 
compartmentalization and translocation. Journal of Experimental Botany, 
59, 75-83. 

Hoch, G., Richter, A., Körner, C. (2003). Non-structural carbon compounds in 
temperate forest trees. Plant Cell Environ. 26 1067–1081 

Hoch, W.A., Singsaas, E.L., McCown, H.B. (2003). Resorption protection. 
Anthocyanins facilitate nutrient recovery in autumn by shielding leaves 
from potentially damaging light levels. Plant Physiol 133: 1296–1305 

Horák, J., Grefen, C,. Berendzen, K,.W. Hahn, A., Stierhof, Y.D., Stadelhofer, B., 
Stahl, M., Koncz, C., Harter, K. (2008). The Arabidopsis thaliana 
response regulator ARR22 is a putative AHP phospho-histidine 
phosphatase expressed in the chalaza of developing seeds. BMC Plant 
Biol, 8:77. 

Hörstensteiner, S. (2006). Chlorophyll degradation during senescence. AnnuRev 
Plant Biol 57: 55–77 

Hörtensteiner, S., Feller, U. (2002). Nitrogen metabolism and remobilization during 
senescence. J Exp Bot 53: 927–937 

Hörtensteiner, S. (2009) Stay-green regulates chlorophyll and chlorophyll binding 
protein degradation during senescence. Trends Plant Sci Vol14:3 

Hörtensteiner, S., Kräutler, B. (2011). Chlorophyll breakdown in higher plants, 
Biochimica et Biophysica Acta (BBA) - Bioenergetics, 1807:977-988 

Howe, G. T., Bucciaglia, P.A, Hackett, W.P, Furnier, G.R, Cordonnier-Pratt, M.M 
et al., (1998). Evidence that the phytochrome gene family in black 



 

43 
 

cottonwood has one PHYA locus and two PHYB loci but lacks members 
of the PHYC/F and PHYE subfamilies. Mol. Biol. Evol. 15: 160–175. 

Howe, G. T., Gardner G, Hackett W. P. and Furnier G. R, (1996). Phytochrome 
control of short day induced bud set in black cottonwood. Physiol. Plant. 
97: 95–103. 

Hutchison, C.E., Li, J., Argueso, C., Gonzalez, M., Lee, E., Lewis, M.W., Maxwell, 
B.B., Perdue, T.D., Schaller, G.E., Alonso, J.M., Ecker, J.R., Kieber, J.J. 
(2006). The Arabidopsis histidine phosphotransfer proteins are redundant 
positive regulators of cytokinin signaling. Plant Cell, 18:3073–3087 

Hyvonen, R., Persson, T., Andersson, S., Olsson, B., Agren, G. I., and Linder, S. 
(2008). "Impact of long-term nitrogen addition on carbon stocks in trees 
and soils in northern Europe." Biogeochemistry 89: 121-137. 

Ingvarsson, P.K., García, V.M., Hall, D., Luquez, V., Jansson, S. (2006). Clinal 
variation in phyB2, a candidate gene for day-length induced growth 
cessation and bud set, across a latitudinal gradient in European aspen 
(Populus tremula) Genetics genetics.105.047522 

Jibran, R., A. Hunter, D. & P. Dijkwel, P.(2013) Hormonal regulation of leaf 
senescence through integration of developmental and stress signals. Plant 
Mol Biol 82: 547. 

Jing, H.C., Sturre, M.J.G., Hille, J., Dijkwel, P.P. (2002) Arabidopsis onset of leaf 
death mutants identify a regulatory pathway controlling leaf senescence. 
Plant J 32:51–63 

Jing, H-C., Schippers, J.H.M., Hille, J. and Dijkwel P.P. (2005). Ethylene-induced 
leaf senescence depends on age-related changes and OLD genes in 
Arabidopsis.  Journal of experimental botany. 56:2915-2923 

Johnson, M.D, Phillips, D.L, Tingey, D.T, Storm, M.J. (2000). Effects of elevated 
CO2, N-fertilization, and season on survival of ponderosa pine fine roots. 
Canadian Journal of Forest Research,  30: 220-228 

Kagawa, A., Sugimoto, A., Maximov, T.C. (2006). Seasonal course of translocation, 
storage and remobilization of 13C pulse-labeled photoassimilate in 
naturally growing Larix gmelinii saplings. New Phytol. 171:793–804. 

Keech, O., Pesquet, E., Ahad, A., Askne, A., Nordvall, D., Vodnala, S.M., 
Tuominen, H., Hurry, V., Dizengremel, P., Gardeström, P. (2007). The 
different fates of mitochondria and chloroplasts during dark-induced 
senescence in Arabidopsis leaves. Plant, Cell & Environment 30: 1523–
1534. 

Keskitalo, J., Bergquist, G., Gardström, P., Jansson, S. (2005). A cellular time table 
of autumn senescence. Plant Physiol 139: 1635–1648 

Kieber, J.J., Rothenberg, M., Roman, G., Feldmann, K.A. and Ecker, J.R. (1993). 
Ctr1, a negative regulator of the ethylene response pathway in 
Arabidopsis, encodes a member of the Raf family of protein-kinases. Cell 
72: 427–441. 

Kim, J., Murphy, A., Baek, D., Lee, S., Yun, D., Bressan, R., and Narasimhan, M. 
(2011). YUCCA6 over-expression demonstrates auxin function in 
delaying leaf senescence in Arabidopsis thaliana. J. Exp. Bot. 11:3981-92 

King, J. (1997). Reaching for the Sun: How Plants Work. Cambridge: Cambridge 
University Press; 



 

44 
 

Klämbt, D. (1992). The Biosynthesis of cytokinins in higher plants: our present 
knowledge. In Kaminek ; Mok DWS, Zazimalova E, eds, Physiology and 
biochemistry of cytokinins in plants. SPB Academic Publishing, The 
Hauge, pp25-27 

Kozlowski, T.T., Pallardy, S.D. (1997). Physiology of Woody Plants. New York: 
Academic Press;  

Kudo, T., Kiba, T., & Sakakibara, H. (2010) Metabolism and long-distance 
translocation of cytokinins. Journal of Integrative Plant Biology, 52, 53-
60. 

Kuroha, T., Kato, H., Asami, T., Yoshida, S., Kamada, H., Satoh, S. (2002). A trans-
zeatin riboside in root xylem sap negatively regulates adventitious root 
formation on cucumber hypocotyls. Journal of Experimental Botany, 
53:2193-2200. 

Larronde, F., Krisa, S., Decendit, A., Cheze, C., Merillon, J.M., (1998). Regulation 
of polyphenol production in Vitis vinifera cell suspension cultures by 
sugars. Plant Cell Rep. 17:946–950. 

Latva-Karjanmaa, T,Penttila, R., and Siitonen, J. (2007). The demographic structure 
of european aspen (populus tremula) populations in managed and old-
growth boreal forests in eastern finland. Candaian journal of forest 
research, 37:1078-1081 

Lee, D.W., O'Keefe, J., Holbrook, N.M., Field, T.S. (2003). Pigment dynamics and 
autumn leaf senescence in a New England deciduous forest, eastern USA. 
Ecol Res 18: 677–694 

Li, Y., Hagen, G. and Guilfoyle T.J. (1992). Altered morphology in transgenic 
tobacco plants that overproduce cytokinins in specific tissues and organs. 
Dev. Biol.153:386-395 

Lim, P.O., Kim, H.J. and Nam, H.G. (2007). Leaf senescence. The Annual Review of 
Plant Biology 58:115-36 

Lippu, J. (1994). Patterns of dry matter partitioning and 14C-photosynthate allocation 
in 1.5-year-old Scots pine seedlings. Silva Fenn. 28:145–153. 

Lipson, D. & Näsholm, T. (2001). The unexpected versatility of plants: organic 
nitrogen use and availability in terrestrial ecosystems. Oecologia, 128: 
305. 

Lohman, K.N., Gan, S., John, M.C., Amasino, R.M. (1994) Molecular analysis of 
natural leaf senescence in Arabidopsis thaliana. Physiol. Plant, 
92:322 328. 

Lovett, G.M., Weathers, K.C., Arthur, M.A., Schultz, J.C. (2004). Nitrogen cycling 
in a northern hardwood forest: do species matter? Biogeochemistry, 
67:289–308. 

Ludwig-Müller, J. and Lüthen, H. (2015). From Facts and False Routes: How Plant 
Hormone Research Developed. Journal of Plant Growth Regulation, 
34:697-701 

Luquez, V., Hall, D., Albrectsen, B.R., Karlsson, J., Ingvarsson, P., Jansson, S.,  
(2008). Natural phenological variation in aspen (Populus tremula): the 
SwAsp collection.  Tree Genetics & Genomes  4:279-292 

MacKenzie, N. A. (2010). Ecology, conservation and management of Aspen A 
Literature Review (Scottish Native Woods, Aberfeldy, UK. 



 

45 
 

Mae, T., Thomas, H., Gay, A.P., Makino, A., Hidema, J. (1993). Leaf Development 
in Lolium Temulentum: Photosynthesis and Photosynthetic Proteins in 
Leaves Senescing under Different Irradiances. Plant and Cell Physiology 
34: 391–399. 

Mähönen, A.P., Bishopp, A., Higuchi, M., Nieminen, K.M., Kinoshita, K., 
Törmäkangas, K., Ikeda, Y., Oka, A. Kakimoto, T., Helariutta, Y. (2006). 
Cytokinin signaling and its inhibitor AHP6 regulate cell fate during 
vascular development. Science, 311:94–98 

Matile, P. (1992). Chloroplast senescence. In Crop photosynthesis:spatial and 
temporal determinants. NR Baker, H Thomas, eds. Elsevier, Amsterdam, 
pp 413-440 

McCabe, M.S., Garratt, L.C., Schepers, F., Jordi, W.J., Stoopen, G.M., et al. (2001). 
Effects of PSAG12-IPT gene expression on development and senescence in 
transgenic lettuce. Plant Physiol. 127:505–16 

Mok, M.C., Martin, R.C., Dobrev, P.I., Vankova, R., Ho, P.S., Yonekura-
Sakakibara, K., Sakakibara, H and Mok, D.W.S. (2005). Topolins and 
hydroxylated thidiazuron derivatives are substrates of cytokinin O-
glucosyltransferase with position specificity related to receptor 
recognition. Plant Physiol. 137, pp.1057–66 

Mok, M.C., Mok, D.W.S., Armstrong, D.J. (1978). Differential cytokinin structure–
activity relationships in Phaseolus. Plant Physiology 61:72-75. 

Mornya, P  and Cheng, F. (2011). The levels of hormone and carbohydrate in 
autumn and non-autumn flowering tree peonies. Can. J. Plant Sci.  91: 
991-998  

Morris, K., A.-H.–Mackerness, S., Page, T., John, C.F., Murphy, A.M., Carr, J.P., 
and Buchanan-Wollaston, V. (2000). Salicylic acid has a role in 
regulating gene expression during leaf senescence. Plant J. 23: 677–685. 

Murai, N. (1994) Cytokinin biosynthesis in tRNA and cytokinin incorporation into 
plant RNA. In Mok DWS, Mok MC, eds, Cytokinin chemistry Activity, and 
function, CRC Press, Boca Raton, Florida, pp.87-89 

Näsholm, T., Ekblad, A., Nordin, A., Giesler, R., Högberg, M., Högberg, P. (1998) 
Boreal forest plants take up organic nitrogen. Nature 392: 914–916 

Näsholm, T., Kielland, K. and Ganeteg, U. (2009), Uptake of organic nitrogen by 
plants. New Phytologist, 182: 31–48 

Nieminen, K., Immanen, J., Laxell, M., Kauppinen, L., Tarkowski, P., Dolezal, K., 
Tähtiharju, S.,  Elo, A., Decourteix, M., Ljung, K., Bhalerao, R., 
Keinonen, K., Albert V.A. and Helariutta, Y. (2008) Cytokinin signaling 
regulates cambial development in poplar. PNAS, 150: 20032–20037 

Noodén, L.D., Hillsberg, J.W., Schneider, M.J. (1996). Induction of leaf senescence 
in Arabidopsis thaliana by long days through a light-dosage effect. 
Physiologia Plantarum 96:491–495. 

Nooden, LD. (1988). The phenomena of senescence and aging. In Senescence and 
Aging in Plants, ed. LD Nooden, AC Leopold, pp. 1–50. San Diego: 
Academic 

Nordin, A. and Näsholm, T. (1997). Nitrogen storage forms in nine boreal 
understorey plant species. Oecologia 110:487–492. 



 

46 
 

Nováková, M., Motyka, V., Dobrev, P.I,  Malbeck, J., Gaudinová, A.  and Vanková, 
R. (2005). Diurnal variation of cytokinin, auxin, and abscisic acid levels 
in tobacco leaves. Journal of Experimental Botany 56:2877-2883. 

Olsen, J.E., Junttila, O., Nilsen, J., Eriksson, M.E., Martinussen, I., Olsson, O., 
Sandberg, G., Moritz, T. (1997).Ectopic expression of oat phytochrome A 
in hybrid aspen changes critical daylength for growth and prevents cold 
acclimatization. Plant Journal, 12:1339-1350 

Ori, N., Juarez, M.T., Jackson, D., Yamaguchi, J., Banowetz, G.M., Hake, S. (1999). 
Leaf senescence is delayed in tobacco plants expressing the maize 
homeobox gene knotted1 under the control of a senescence-activated 
promoter. Plant Cell, 11:1073–80 

Ouaked, F., Rozhon,W., Lecourieux, D. and Heribert, H. (2003). A MAPK pathway 
mediates ethylene signaling in plants. EMBO J. 22: 1282–1288. 

Ougham, H., Hörtensteiner, S., Armstead, I., Donnison, I., King, I., Thomas, H., 
Mur, L. (2008). The control of chlorophyll catabolism and the status of 
yellowing as abiomarker of leaf senescence. Plant Biol 10: 4-14 

Pearcy, R.W., Bjorkman, Caldwell, M.M., Kee-ley, J.E., Monson, R.K. & Strain, 
B.R. (1987). Car-bon gain by plants in natural environments. ioScience 
37: 21-29 

Pourtau, N.,Mares, M., Purdy, S.,Quentin, N., Ruel, A. and Wingler, A. (2004). 
Interactions of abscisic acid and sugar signaling in the regulation of leaf 
senescence. Planta 219: 765–772. 

Punwani, J.A., Hutchison, C.E., Schaller, G.E., Kieber, J.J. (2010). The subcellular 
distribution of the Arabidopsis histidine phosphotransfer proteins is 
independent of cytokinin signaling. Plant J, 62 pp. 473–482 

Quirino, B.F., Noh, Y.S., Himelblau, E., Amasino, R.M. (2000). Molecular aspects 
of leaf senescence. Trends Plant Sci, 5:278-282. 

Rashotte, A.M., and Goertzen, L.R. (2010). The CRF domain defines cytokinin 
response factor proteins in plants. BMC Plant Biology, 10:74. 

Rasmussen, H., Veierskov, B., Hansen-Møller, J., Nørbæk, R., Nielsen, U. (2009). 
Cytokinin Profiles in the Conifer Tree Abies nordmanniana : Whole-Plant 
Relations in Year-Round Perspective. Journal of Plant Growth 
Regulation, 28:154-166 

Raspor, M. Motyka, V., Žižková, E., Dobrev, .P.I., Trávníčková, A., Zdrvković-
Korać, A.,  Simonović, A., Ninković, S., Dragićević, I.C. (2012). 
Cytokinin Profiles of AtCKX2-Overexpressing Potato Plants and the 
Impact of Altered Cytokinin Homeostasis on Tuberization In Vitro. J 
Plant Growth Regul, 31: 460.  

Regier, N., Streb, S., Zeeman, S.C., Frey, B. (2010). Seasonal changes in starch and 
sugar content of poplar (Populus deltoides × nigra cv. Dorskamp) and the 
impact of stem girdling on carbohydrate allocation to roots. Tree Physiol 
30:979-87 

Rennenberg, H., Kreutzer, K., Papen, H., Weber, P. (1998). Consequences of high 
loads of nitrogen for spruce (Picea abies) and beech (Fagus sylvatica) 
forests. New Phytologist, 139:71–86. 

Rennenberg, H., Wildhagen, H., and Ehlting, B. (2010). Nitrogen nutrition of poplar 
trees. Plant Biol. 12: 275–291 

http://jxb.oxfordjournals.org/content/56/421/2877.full#aff-1


 

47 
 

Rennenberg, H., Wildhagen, H., Ehlting, B., (2010). Nitrogen nutrition of poplar 
trees. Plant Biology, 12:.275-291 

Richards, D.E., King, K.E., Ait-ali, T. and Harberd, N.P. (2001). How gibberellin 
regulates plant growth and development: a molecular genetic analysis of 
gibberellin signalling. Annu. Rev. Plant Physiol. Plant Mol. Biol. 52: 67–
88. 

Richardson, A., Duigan, S., Berlyn, G. (2002). An evaluation of noninvasive 
methods to estimate foliar chlorophyll content. New Phytologist 153: 185-
194 

Richardson, A.D., Bailey, A.S., Denny, E.G., Martin, C.W., O’Keefe, J. (2006). 
Phenology of a northern hardwood forest canopy. Glob Change Biol 
12:1174–1188 

Rieske LK, Raffa KF, (1995). Ethylene emission by a deciduous tree,Tilia 
americana, in response to feeding by introduced basswood thrips,Thrips 
calcaratus. J Chem Ecol 2:187-97 

Roberts, J.A. (2006). Spatial and temporal expression of the response regulators 
ARR22 and ARR24 in Arabidopsis thaliana. J Exp Bot, 57 pp. 4225–4233 

Rousseaux, M.C., Hall, A.J., Sánchez, R.A. (1996). Far-red enrichment and 
photosynthetically active radiation level influence leaf senescence in 
field-grown sunflower. Physiologia Plantarum 96: 217–224. 

Sakakibara, H. (2006). Cytokinins: Activity, Biosynthesis, and Translocation. Annu. 
Rev. Plant Biol 57:431–49 

Sanger, J.E. (1971). Quantitative investigations of leaf pigments from their inception 
in buds through autumn coloration to decomposition in falling leaves. 
Ecology. 52:1075–1081. 

Sasaki, Y., Asamizu, E., Shibata, D., Nakamura, Y., Kaneko, T., Awai, K., Amagai, 
M., Kuwata, C., Tsugane, T., Masuda, T., Shimada, H., Takamiya, K., 
Ohta, H., and Tabata, S. (2001). Monitoring of methyl jasmonate-
responsive genes in Arabidopsis by cDNA macroarray: self-activation of 
jasmonic acid biosynthesis and crosstalk with other phytohormone 
signaling pathways. DNA Res. 8: 153–161. 

Savill, P.S., (2013). The silviculture of trees used in British forestry. CABI. 
Schaberg, P.G., Murakami, P.F., Turner, M.R., Heitz, H.K., and Hawley, G.J. 

(2008). Association of red coloration with senescence of sugar maple 
leaves in autumn. Trees 22: 573. 

 Schäfer, M., Meza-Canale, I. D., Navarro-Quezada, A., Brütting, C., Vanková, R., 
Baldwin, I. T., & Meldau, S. (2015) Cytokinin levels and signaling 
respond to wounding and the perception of herbivore elicitors in 
Nicotiana attenuata. Journal of Integrative Plant Biology, 57:198-212. 

Schimel, J. P., and Bennett, J. (2004). "Nitrogen mineralization: Challenges of a 
changing paradigm." Ecology 85: 591-602. 

Schmitz, R.Y., Skoog, F. (1972). Cytokinins: synthesis and biological activity of 
geometric and position isomers of zeatin. Plant Physiology 50:702-705. 

Schmülling, T., Werner, T., Riefler, M., Krupkova, E., Bartrina, Y., Manns, I. 
(2003). Structure and function of cytokinin oxidase/dehydroge-nase genes 
of maize, rice, Arabidopsis and other species. J Plant Res. 116, pp. 241–
252 



 

48 
 

Schulten, H-R. Schnitzer, M. (1998). The chemistry of soil organic nitrogen: a 
review. Biology & Fertility of Soils 25:1–15. 

Senwo, Z.N., Tabatabai, M.A., (1998). Amino acid composition of soil organic 
matter. Biology & Fertility of Soils 26: 235–242. 

Sigurdsson, BD. (2001). Environmental control of carbon uptake and growth in a 
Populus trichocarpa plantation in Iceland. PhD thesis. Acta Universitatis 
Agriculturae Sueciae. Silvestria 174, 64. 

Singh, S., Letham, D.S., & Palni, L.M.S. (1992) Cytokinin biochemistry in relation 
to leaf senescence. . Endogenous cytokinin levels and exogenous 
applications of cytokinins in relation to sequential leaf senescence of 
tobacco. Physiologia Plantarum, 86, 388-397. 

Sjödin, A., Wissel, K., Bylesjö, M., Trygg, J. and Jansson, S. (2007). Global 
expression profiling in leaves of free-growing aspen. BMC Plant Biology 
8:61 

Smart, C:M. (1994). Gene expression during leaf senescence. New Phytologist 
126:419–448. 

Smith, S.E., Read, D.J,.( 2007). Mycorrhizal symbiosis, 3rd edn. London, UK: 
Academic Press. 

Solfanelli, C., Poggi, A., Loreti, E., Alpi, A., Perata, P. (2006). Sucrose-specific 
induction of the anthocyanin biosynthetic pathway in Arabidopsis. Plant 
Physiol. 140:637–646. 

Stirk, W.A., Novák O., Zižková E., Motyka V., Strnad M., van Staden J. (2012). 
Comparison of endogenous cytokinins and cytokinin 
oxidase/dehydrogenase activity in germinating and thermoinhibited 
Tagetes minuta achenes. J. Plant Physiol., 169: 696–703 

Stoddart L. and Thomas H. (1982). Leaf senescence. In:Encyclopedia of plant 
physiology, New series, Vol. 14A. Springer Verlag, 592-636. 

Sun, T. and Gubler, F. (2004). Molecular mechanism of gibberellin signaling in 
plants. Annu. Rev. Plant Biol. 55: 197–223. 

Suttle, J.C., Banowetz, G.M. (2000). Changes in cis-zeatin and cis-zeatin riboside 
levels and biological activity during potato tuber dormancy. Physiologia 
Plantarum 109:68-74 

Tamm, C. O. (1991). Nitrogen in terrestrial ecosystems: questions of productivity, 
vegetational changes, and ecosystem stability. Springer-Verlag, Berlin 
Heidelberg. 

Taulavuori, K. (2006). A simple method to visualize the mechanism why Alnus 
glutinosa remains green during autumn colouration of Sorbus aucuparia. 
Trees  20: 28–33 

Teng, S., Keurentjes, J., Bentsink, L., Koornneef, M., Smeekens, S. (2005). Sucrose-
specific induction of anthocyanin biosynthesis in Arabidopsis requires the 
MYB75/PAP1 gene. Plant Physiol. 139:1840–1852. 

Thomas, H. and Howarth, C.J. (2000). Five ways to stay green. Journal of 
Experimental Botany, 51:329–337 

Thomson, W.W. and Plat-Aloia, K.A. (1987). Ultrastructure and senescence in 
plants. In Plant Senescence: Its Biochemistry and Physiology, ed. WW 
Thomson, EA Nothnagei, RC Huffaker, pp. 20–30. Rockville: Am. Soc. 
Plant Physiol. 



 

49 
 

Tuskan, G.A.,  DiFazio, S, Jansson, S., et al.(2006) The genome of black 
cottonwood, Populus trichocarpa (Torr & Gray). Science 313:1596–1604. 

Ueda, J. and Kato, J. (1980). Isolation and identification of a senescence-promoting 
substance from wormwood (Artemisia absinthium L.). Plant Physiol. 66: 
246–249. 

Vanderklein, D.W., Reich, P.B. (1999). The effect of defoliation intensity and 
history on photosynthesis, growth and carbon reserves of two conifers 
with contrasting leaf lifespans and growth habits. New Phytol. 144 121–
132 

Vanstraelen, M. and Benková, E. (2012). Hormonal Interactions in the Regulation of 
Plant Development. Annual Review of Cell and Developmental Biology, 
28: 463 -487  

Vitousek, P. M., and Howarth, R. W. (1991). "Nitrogen limitation on land and in the 
sea - how can it occur." Biogeochemistry 13:87-115. 

Vreman, H.J., Thomas, R., Corse, J. (1978). Cytokinins in tRNA obtained from 
Spinacia olearacea L. leaves and isolated chloroplasts. Plant Physiology 
61:296-306. 

de Vries, W., Solberg, S., Dobbertin, M., Sterba, H., Laubhann, D., van Oijen, M., 
Evans, C., Gundersen, P., Kros, J., Wamelink, G.W.W., Reinds, G.J, 
Sutton, M.A. (2009). The impact of nitrogen deposition on carbon 
sequestration by European forests and heathlands. For Ecol Manage 
258:1814–1823. 

Wasternack, C. and Hause, B. (2002). Jasmonates and octadecanoids: signals in 
plant stress responses and development. Prog. Nucleic. Acid. Res. Mol. 
Biol. 72: 165–221. 

Weaver, L.M., Amasino, R.M. (2001). Senescence Is Induced in Individually 
Darkened Arabidopsis Leaves, but Inhibited in Whole Darkened Plants. 
Plant Physiology 127: 876–886. 

Weaver, L.M., Gan, S.S., Quirino, B., Amasino, R.M. (1998) A comparison of the 
expression patterns of several senescence-associated genes in response to 
stress and hormone treatment. Plant Mol Biol 37:455–469 

Weiss, D. (2000). Regulation of flower pigmentation and growth: multiple signaling 
pathways control anthocyanin synthesis in expanding petals. Physiol 
Plant. 110:152–157. 

Welling, A,. Moritz, T., Palva, E.T., Junttila, O. (2002) Independent activation of 
cold acclimation by low temperature and short photoperiod in hybrid 
aspen. Plant Physiol 129: 1633–1641 

Wheldale, M. (1916). The anthocyanin pigments of plants. Cambridge, UK: 
Cambridge University Press; 

Wingler, A., Masclaux-Daubresse, C., Fischer, A.M. (2009) Sugars, senescence, and 
ageing in plants and heterotrophic organisms. J Exp Bot 60: 1063–1066 

Woo, H.R., Kim, H.J., Nam, H.G., Lim, P.O. (2013). Plant leaf senescence and 
death – regulation by multiple layers of control and implications for aging 
in general. J Cell Sci 126: 4823-4833 

Yonekura-Sakakibara, K., Kojima, M., Yamaya, T., Sakakibara, H. (2004). 
Molecular characterization of cytokinin-responsive histidine kinases in 
maize. Differential ligand preferences and response to cis-zeatin. Plant 
Physiology, 134:1654-1661. 



 

50 
 

Yu, Z., Zhang, Q., Kraus, T.E.C., Dahlgren, R.A., Anastasio, C., Zasoski, R.J. 
(2002). Contribution of amino compounds to dissolved organic nitrogen 
in forest soils. Biogeochemistry, 61:173–198. 

Zacarias, L. and Reid, M.S. (1990). Role of growth regulators in the senescence of 
Arabidopsis thaliana leaves. Physiol. Plant 80: 549–554. 

Ögren, E., Nilsson, T. and Sundblad, L.-G. (1997). Relationship between respiratory 
depletion of sugars and loss of cold hardiness in coniferous seedlings 
over-wintering at raised temperatures: indications of different sensitivities 
of spruce and pine. Plant, Cell & Environment, 20: 247–253. 



 

51 
 

Acknowledgements 

First of all I would like to thank my supervisor Stefan for being a really good 
supervisor and supportive of me and some of the less fruitful projects, the so 
called high gain low probability ones, but beyond that for just being a good 
human being with compassion and enthusiasm.  
 
The so called “cool table” that I believe now days is called “babies and their 
poop consistency” table. Vicky thanks for being an awesome officemate and 
friend and your general lack of innuendo for sexual undertones has made us 
laugh more times than I can count (size doesn’t matter!), Daniel your 
presence makes every lunch a laugh, nobody I know can make more jokes 
about UDP-glucoses then you. Christoffer for being in the office at a 
reasonable time for morning coffee and helping me shift the lunch to the 
correct time, and of course the countless hours of freezing in the woods 
waiting for moose or birds that somehow always seems to elude us, and of 
course for being a good friend. Melis your general bounciness and 
wackiness have brought many good times, and I hope your time in Finland 
will be enjoyable and that you will come and visit us from time to time. 
Franziska thanks for all the good cookies and cakes they will surely be 
missed. Simon and Lucy for all the good company and food of course, let’s 
never let the food and beer stop coming. 
 
Giana thanks for the countless help with cytokinins, without your initial 
guidance in both their bloody function and how to actually get them out of 
the damn leaves I would have given up a long time ago. So you really saved 
my bacon there. 
 
Ondrej thanks for the great time in the Czech Republic although we didn’t 
have much time for anything but lab work I at least did some exploring of 
Olomouc between experiments. 
 
Lars and Hanna thanks for being my early on mentors to UPSC and science 
in general, you taught me many valuable things. 
 
To all my sla...ehh summer students that helped collect data during my 
tedious leaf collecting experiments, very much appreciated you made my 
summer vacations possible. 
 
And of course all the others at UPSC that have helped me with my project in 
one way or another. 
 



 

52 
 

Frida for actually wanting to understand my work, and just being an 
awesome person in any way I can think of, and of course for being my lovely 
wife    
 
Emily your help with hammering the keyboard when I was trying to write 
this thesis was giving me the needed breaks from science I so needed, and 
chasing you while crawling at your top speed is always a cheer up, since 
apparently crawling have to be done while laughing hysterically. 
 
Mom and Dad thanks for all the support through my study time that made 
my PhD possible. Now you will finally get to see what all the “crazy” stuff I 
have been doing over the years amounted to.. 
 
Bengt and Inger now you actually get (have to) read the thesis that you 
have been asking about in the years of my PhD. I hope it is lots of fun. 


	Omslag_Erik_Edlund
	Regulatory Control of Autumn Senescence in Populus tremula

	Regulatory Control of Autumn Senescence in Populus tremula2
	Regulatory Control of Autumn Senescence in Populus tremula
	Abstract
	Table of Contents
	Abbreviations
	List of Publications
	Introduction
	Senescence
	Autumn Senescence in trees.
	Onset of senescence.
	Senescence in aspens


	Gene expression during senescence.
	Plant hormones and senescence.
	Cytokinins
	Biosynthesis of cytokinins
	Cytokinin-related genes

	Carbohydrates and senescence
	Girdling as an artificial carbohydrate concentration shifter

	Nitrogen and the effects of senescence
	Arginine vs. conventional fertilizers

	Aspens and the measurements of autumn senescence.
	Aspens as model system
	SwAsp garden and free growing aspens
	Identifying onset of senescence.


	Objectives
	Results and discussion
	Carbohydrate accumulation induce premature senescence in aspens (Paper I)
	Inorganic nitrogen delays senescence but organic nitrogen do not affect senescence (Paper II)
	Cytokinins and senescence.
	Conclusions and future perspective

	References
	Acknowledgements




