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1.1: Potential Energy in Biology

Matter and Energy in Biology
Matter and Energy

The concepts of matter and energy are essential to all scientific disciplines. Yet, while ubiquitous and fundamental, these concepts
are often amongst the most confounding for students. Take the concept of energy. The term is used in a variety of contexts in
everyday life - “Can we move the couch tomorrow? I don’t have the energy.” “Hey dude! Turn the light off. We need to conserve
energy.” “This is a great energy drink.” In many sciences classes, students are told that energy comes in different forms (i.e. kinetic,
thermal, electrical, potential, etc.), making it difficult to understand exactly what energy “is”. In class, the concept of energy is also
associated with myriad different equations, each with different variables, but that somehow all seem to end up having units of
work. Hold on! Work? T thought we were talking about energy?! Given all the different contexts and sometimes seemingly
contradictory treatments and definitions, it’s not hard to understand why these topics seem challenging for many students and in
some cases end up turning them off of the fields that make heavy use of these ideas. While the concepts of matter and energy are
most often associated with chemistry and physics, they are nevertheless central ideas in biology and we don’t shy away from this in
BIS2A. Our instructional goals, however, are to help students develop a conceptual framework that will help them use the concepts
of matter and energy to:

o successfully describe biological reactions and transformations;
o create models and hypotheses for “how things work” in biology that explicitly include matter and energy and,;
o be scientifically correct and transferable to new problems and to other disciplines.

While there may be a couple of energy-related equations to learn and use in BIS2A, the main focus of the course will be on the
robust development of the concepts of energy and matter and their use in the interpretation of biological phenomena.

Motivation for Learning About Matter and Energy

Discussions about matter and energy make many, but not all, BIS2A students a little apprehensive. After all, aren’t these topics that
belong in chemistry or physics? However, the transformations of matter and energy transfer are not phenomena reserved for the
chemists and physicists or even scientists and engineers more generally. Understanding, conceptualizing, and doing some basic
accounting of transformations of matter and transfers of energy are fundamental skills regardless of occupation or academic
training. The scientist may need more rigorous and systematic descriptions of these transformations than the artist but both make
use of these skills at various points of their personal and or professional lives. Take the following examples:

Example 1: Matter and Energy Transformation in Global Warming

Let us for a moment consider a topic that affects us all, global warming. At its core lies a relatively simple model that is based
on our understanding of energy in solar radiation, the transfer of this energy with matter on the Earth, and the role and cycling
of key carbon containing gases in the Earth's atmosphere. In simple terms solar energy hits the earth and transfers energy to its
surface, heating it. Some of this energy is transferred back into space. However, depending on the concentration of carbon
dioxide (and other so-called greenhouse gases) different amounts of this energy may become “trapped” in the Earth’s
atmosphere. Too little carbon dioxide and relatively little energy/heat is trapped - the Earth freezes and becomes inhospitable
for life. Too much carbon dioxide and too much heat is trapped - the Earth overheats and becomes inhospitable for life. It
stands to reason, therefore, that mechanisms (biological or other) that influence the levels of carbon dioxide in the atmosphere
may be important to consider in the story of global warming and that developing a good understanding of global warming
phenomena requires one to trace the flow of the carbon through its different forms and the mechanisms by which energy is

transferred to and from different components of the system.
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Example 2: Muscle Contraction

Let us now consider a more personal example, the flexing of an arm starting from an extended position and ending in a flexed
position. Like most processes, this one can be described and understood at various levels of detail: from the anatomical point of
view where the system consists of muscles, skin, and bones to the molecular where the system is composed of individual
interacting biomolecules. At whatever level of detail, if we want to create a story describing this process we know that: (a) the
description must include an accounting for what happened to the matter in the system (this includes the change in position of
the molecules making up the various parts of the arm and the fuel “burned” to move it) and (b) that some fuel was burned to
initiate the movement and therefore, that any description of the process must also include an accounting change in the energy
of the system. In simpler terms, this is really just saying that if you want to describe a process where something has happened,
you need to describe what happened to the “stuff” in the system and what happened to the energy in the system to make the
process happen.

We can't possibly cover all examples of matter and energy transfer in BIS2A. But, we will explore these issues often and practice
describing transformations that happen in Nature with a structured and explicit attention to what is happening to the matter and
energy in a system as it changes. We will do this exercise across different structural levels in biology, from the molecular level (like
a single chemical reaction) to more large-scale and abstracted models like nutrient cycling in the environment. We will practice this
skill by using a pedagogical tool we call “The Energy Story”. Be prepared to participate!

The Energy Story
Overview of the Energy Story

Whether we know it or not, we tell stories that involve matter and energy everyday, we just don’t often use terminology associated
with scientific discussions of matter and energy.

(Example 1

The setup: a simple statement with implicit details

You tell your roommate a story about how you got to campus by saying, "I biked to campus today". In this simple statement are
several assumptions that are instructive to unpack, even if they may not seem very critical to include explicitly in a casual
conversation between friends over transportation choices!

An outsider's reinterpretation of the process

To illustrate this, imagine an external observer, for instance an alien, watching the comings and goings of humans on earth.
Without the benefit of knowing much of the implied meanings and reasonable assumptions that are buried in our language, the
alien's description of the morning cycling trip would be quite different than your own. What you described efficiently as "biking
to campus" might be more specifically described by the alien as a change in location of a human body and its bicycle from one
location (the apartment, termed position A) to a different location (the university, termed position B). The alien might be even
more abstract and describe the bike trip as the movement of matter (the human body and its bike) between an initial state (at
location A) to a final state (at location B). Furthermore, from the alien's standpoint what you'd call "biking" might be more
specifically described as the use of a two-wheeled tool that couples the transfer of energy from the electric fields in chemical
compounds to the acceleration of the two-wheeled tool-person combo and heat in its environment. Finally, buried within the
simple statement describing how we got to work is also the tacit understanding that the mass of the body and bike were
conserved in the process (with some important caveats we’ll look at in future lectures) and that some energy was converted to
enable the movement of the body from position A to position B.

Possible discussion:

Details are important. What if you owned a fully electric bike and the person you were talking with didn’t know that? What
important details might this change about the “everyday” story you told that the more detailed description would have
cleared up? How would the alien’s story have changed? In what scenarios might these changes be relevant?
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As this simple story illustrates, irrespective of many factors, the act of creating a full description of a process includes some
accounting of what happened to the matter, what happened to the energy and almost always some description of a mechanism that
describes how changes in matter and energy of a system were brought about.

To practice this skill, in BIS2A we will make use of something we like to call "The Energy Story". You may be asked to tell an
"energy story" in class and to use the concept on your exams. In this section, we focus primarily on introducing the concept of an
energy story and explaining how to tell one. It is worth noting that the term "energy story" is used almost exclusively in BIS2A
(and has a specific meaning in this class). This precise term will not appear in other courses at UC Davis (at least in the short term)
or if it appears, is not likely be used in the same manner. You can think of “The Energy Story” as a systematic approach creating a
statement or story describing a biological process or event.

Definition 1: Energy Story
An energy story is a narrative describing a process or event. The critical elements of this narrative are:

1. Identifying at least two states (e.g. start and end, aka, initial and final states) in the process.

2. Identifying and listing the matter in the system and its state at the start and end of the process.

3. Describing the transformation of the matter that occurs during the process.

4. Accounting for the location and form of energy in the system at the start and end of the process.

5. Describing the transfer of energy that happens during the process.

6. Identifying and describing mechanism(s) responsible for mediating the transformation of matter and transfer of energy.

A complete energy story will include a description of the initial reactants and their energetic states as well as a description of the
final products and their energetic states after the process or reaction is completed.

(Possible discussion: )

We argue that the energy story can be used to communicate all of the useful details that are required to describe nearly any

process. Can you think of a process that cannot be adequately described by an energy story? If so, describe such a process.

Example 2: Energy Story Example

Let us suppose that we are talking about the process of driving a car from "Point A" to "Point B" (see the figure).

The system = everything inside Somewhere
this bax [car, road it travelad on,  patween A and B

the air arcund it)
TERATITY

Intermediate s
Start End

Point A Point B

Figure 1: A schematic of a car moving at the start from position "Point A" to position "Point B" at the end. The blue rectangle
depicted in the back of the car represents the level of gasoline, the purple squiggly line near the exhaust pipe represents the
exhaust, squiggly blue lines on top of the car represent sound vibrations and the red shading represents areas that are hotter
that at the start. Source: Created by Marc T. Facciotti (Own work) A Car Moves from Point A to Point B

Let's step through the Energy Story rubric:

1. Identifying at least two states (e.g. start and end) in the process.
In this example we can easily identify two states. The initial state is the non-moving car at "Point A", the start of the trip. The
finalond state, after the process is done, is the non-moving car at "Point B".

2. Identifying and listing the matter in the system and its state at the start and end of the process.
In this case we first note that the "system" includes everything in the figure - the car, the road, the air around the car etc.

It is important to understand the we are going to apply the physical law of conservation of matter. That is, in any of the
processes that we will discuss, matter is neither created or destroyed. It might change form, but one should be able to account

for everything at the end of a process that was there at the beginning.
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At the beginning of the process, the matter in the system consists of:
1. The car and all the stuff in it

2. The fuel in the car (a special thing in the car)

3. The air (including oxygen) around the car.

4. The road

5. The driver

At the end of the process, the matter in the system is distributed as follows:

1. The car and all the stuff in it is in a new place (lets assume, aside from the fuel and position, that nothing else changed)

2. There is less fuel in the car and it too is in a new place

3. The air has changed - it now has less molecular oxygen, more carbon dioxide and more water vapor.

4. The road (let's assume it didn't change - other than a few pebbles moved around)

5. The driver (let's assume she didn't change - though we'll see by the end of the term we'll know that she did, a little). But the
driver is now in a different place.

3. Describing the transformation of the matter that occurs during the process.

What happened to the matter in this process? Thanks to a lot of simplifying assumptions, we see that two big things happened.
First, the car and its driver changed positions - they went from "Point A" to "Point B". Second, we note that some of the
molecules in the fuel, which used to be in the car as a liquid have changed forms and are now mostly in the form of carbon
dioxide and water vapor (purple blob coming out the tailpipe). Some of the oxygen molecules that used to be in the air are now
also in a new place as part of the carbon dioxide and water that left the car.

4. Accounting for the “location” of energy in the system at the start and end of the process.

It is again important to understand that we are going to invoke the physical law of conservation of energy. That is, we stipulate
that the energy in the system cannot be created or destroyed and therefore the energy that is in the system at the start of the
process must still be there at the end of the process. It may have been redistributed but you should be able to account for all the
energy.

At the beginning of the process, the energy in the system is distributed as follows:

1. The energy tied up in the associations between atoms that make up the matter of the car.

2. The energy tied up in the associations between atoms that make up the fuel.

3. The energy tied up in the associations between atoms that make up the air.

4. The energy tied up in the associations between atoms that make up the road.

5. The energy tied up in the associations between atoms that make up the driver.

6. For all things above we can also say that there is energy in the molecular motions of the atoms that make up the stuff.

At the end of the process, the energy in the system is distributed as follows:

1. The energy tied up in the associations between atoms that make up the matter of the car.

2. The energy tied up in the associations between atoms that make up the fuel.

3. The energy tied up in the associations between atoms that make up the air.

4. The energy tied up in the associations between atoms that make up the road.

5. The energy tied up in the associations between atoms that make up the driver.

6. For all things above we can also say that there is energy in the molecular motions of the atoms that make up the stuff.

This is interesting in some sense because the lists are the same. We know that the amount of energy stored in the car has
decreased because there is less fuel. Something must have happened.

5. Describing the transfer of energy that happens during the process.

In the particular example it is the transfer of energy among the components of the system that is most interesting. As we
mentioned, there is less energy stored in the gas tank of the car at the end of the trip because there is now less fuel. We also
know intuitively (from our real life experience) that the transfer of energy from the fuel to something else was instrumental in
moving the car from "Point A" to "Point B". So, where did this energy go? Remember, it didn't just disappear. It must have

moved somewhere else in the system.
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Well we know that there is more carbon dioxide and water vapor in the system after the process. There is energy in the
associations between those atoms (atoms that used to be in the fuel and air). So some of the energy that was in the fuel is now in
the exhaust. Let's also draw from our real life experience again and state that we know that parts of our car have gotten hot by
the end of the trip (e.g. the engine, transmission, wheels/tires, exhaust etc.). For the moment we'll just tap our intuition and say
that we understand that making something hot involves some transfer of energy. So we can reasonably postulate that some of the
energy in the fuel went (directly or indirectly) into heating the car, parts of the road, the exhaust and thus the environment
around the car. An amount of energy also went into accelerating the car from zero velocity to whatever speed it traveled, but
most of that eventually went into heat when the car came to a stop.

The main point is that we should be able to add all the energy at of the system at the beginning of the process (in all the places it
is found) and at the end of the process (in all the places it is found) and those two values should be the same. Our actually
examples in class will be simpler than this, but this example provides you with an opportunity to think about these in a well-
understood context. Our goal here is to instill an intuitive sense of the nature of energy transfers. Our examples from Biology,
mostly involving molecules that you cannot see, are more abstract, and so not the easiest to grasp intuitively. Hopefully by the
end of the quarter you will have developed an "intuitive feel" about the energetics of these chemical changes.

6. Identifying and describing mechanism(s) responsible for mediating the transformation of matter and transfer of
energy.

Finally, it is useful to understand how those transformations of matter and transfers of energy might have been facilitated. For
the sake of brevity, in this example we might just say that there was a complicated mechanical device (the engine) that helped
facilitate the conversion of matter and transfer of energy about the system and coupled this to the change in position of the car.
Someone interested in engines would, of course, give a more detailed explanation.

In this example we made a bunch of simplifying assumptions to highlight the process and to focus on the transformation of the
fuel. But that's fine. The more you understand about the processes the finer details you can add. Note that you can use the
Energy Story rubric for describing your understanding (or looking for holes in your understanding) of nearly any process
(certainly in biology). In BIS2A we'll use the Energy Story to get an understanding of processes as varied as biochemical
reactions, DNA replication, the function of molecular motors, etc.

~

Important: )

First: We will be working many examples of the energy story throughout the course - do not feel that you need to have mastery

over this topic today.

Second: Nevertheless, while it is tempting to think all this is superfluous or not germane to your study of biology in BIS2a, let
this serve as a reminder that your instructors (those creating the course midterm and final assessments) view it as core material.
We will revisit this topic often throughout the course but you'll need to become familiar with some of the basic concepts now.

This is important material and an important skill to develop - do not put off studying it because it doesn't "look" like Biology to
you today. The academic term moves VERY quickly and it will be difficult to catch up later if you don't give this some thought
now.

Energy

Energy is a central concept in all sciences. Energy is a property of a system. While energy can be neither created nor destroyed,
understanding the transfer of energy around physical systems is a key component of understanding how and why things change. In
this following sections we are going to explore some basic concepts associated with common transformations in biology and
chemistry - the solubility of various biomolecules, the making and breaking of chemical bonds, the transfer of electrons, the
transfer of energy to and from light, and the transfer of energy as heat. In class, many of the discussions will happen in the context
of the Energy Story rubric, so when we consider a reaction or transformation, we will be interested in defining the system in
question and trying to account for all the various transfers of energy that occur within the system, making sure that we abide by the

Law of conservation of energy.
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There are plenty of examples where we use the concept of energy in our everyday lives to describe processes. A bicyclist can bike
to get to campus for class. The act of moving herself and her bicycle from point A to point B can be explained to some degree by
examining the transfers energy that take place. We can look at this example through a variety of lenses, but as biologists we more
than likely want to understand the series of events that explain how energy is transferred from molecules of food, to the connected
coordinated activity of biomolecules in her flexing muscle, and how this can finally be connected to moving the bike to get her
from point A to point B. To do this we need to be able to talk about various ways in which energy can be transferred between parts
of a system and where it is stored or transferred out of the system. In the next section, we will also see the need to consider how
that energy is distributed among the many microstates (molecular states) of the system and its surroundings.

How We will Approach Conceptualizing Energy

In BIS2A we will think about energy with a "stuff" metaphor. Note, however, that energy is NOT a substance, it is rather a
property of a system. But we will think of it in some sense as property that can be stored in a part of a physical system and
transferred or "moved" from one storage place to another. This in turn also encourages us to make sure that energy always
has a home and that we account for all of the energy in a system before and after a transformation, it is not just "made" or
"lost" (both ideas in contradiction of the Law of Conservation of Energy). When energy is being transferred we therefore
must identify where it is coming from and where it is going - all of it! Again, we can't just have some getting lost (though it
may be present in a less useable form).

When energy is transferred, there must be some mechanism associated with that transfer. Let's think about that to help us
explain some of the phenomena we're interested in. That mechanism is part of the "how" that we are often interested in
understanding. Finally, if we talk about transfer, we must realize that both components, the part of the physical system that
gave up energy and the part of the system that received that energy are changed from their initial states. We should make sure
that we are looking at all of the components of a system for changes in energy when examining a transformation.

e "Lost" energy: While "conservation of mass" seems clear enough, the concept of "conservation of energy" seems
counterintuitive. In our daily life, we "run out of gas", metaphorically or literally, all the time! So where is that energy-
the energy present in gasoline, that we used to commute to class- going? What new form does it take? Could any of that
that "waste energy" be used to do something useful?

Energy Sources

The source of energy for many processes, including biological processes, occurring on the earth's surface comes from solar
radiation. But as we will see Life has been very clever at tapping a variety of forms of energy to construct and maintain
living beings. As we move through this course we will explore a variety of energy sources and the ways which Life has
devised to harvest energy from these fuels.

Energy in Chemical Reactions

Chemical reactions involve a redistribution of energy within the reacting chemicals and with their environment. So, like it or not,
we need to develop some models that can help us describe where energy is in a system (perhaps how it is "stored"/distributed) and
how it can be moved around in a reaction. The models we develop will not be overly detailed - in the sense that they would not
satisfy a hard-core chemist or physicist with technical detail - but we expect that they should still be technically correct and not
form incorrect mental models that will make it difficult to get the "refinements" down later. We'll discuss the transfer and storage of
energy between different parts of a system and thus think about energy as a property that can get redistributed. That'll hopefully
make the accounting easier.

If we are going to think about transferring energy from one part of a system to another, we also need to be careful about NOT
treating energy like a substance that moves like a fluid or substance. Rather, we need to appreciate energy simply as a property

of a system that can be measured and reorganized.
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Since we are will often be dealing with transformations of biomolecules we can start by thinking about where energy can be
found/stored in these systems. We'll start with a couple of ideas and add more to them later.

Let us propose that one place that energy can be stored is in the motion of matter. We'll give the energy stored in motion a name:
kinetic energy. Molecules in biology are in constant motion and therefore have a certain amount of kinetic energy (energy stored
in motion) associated with them.

Let us also propose that there is a certain amount of energy stored in the biomolecules themselves and that the amount of energy
stored in those molecules is associated with the types and numbers of atoms in the molecules and the their organization (the
number and types of bonds between them). The discussion of exactly where the energy is stored in the molecules is beyond the
scope of this class but we can approximate it by suggesting that a good proxy is in the bonds. Different types of bonds may be
associated with storing different amounts of energy. In some contexts this type of energy storage could be labeled potential energy
or more specifically chemical energy. With this view, one of the things that happens during the making and breaking of bonds in a
chemical reaction is that the energy is transferred about the system into different types of bonds. In the context of an Energy Story
one could theoretically count the amount of energy stored in the bonds and motion of the reactants and the energy stored in the
bonds and energy of the products.

In some cases you might find that when you compare the energy stored in the products and the energy stored in the reactants these
sums are not equal. If the energy in the reactants is greater than the products where did this energy go? It had to get transferred to
something else. Some will certainly have moved into other parts of the system, stored in the motion of other molecules (warming
the environment) or perhaps in the energy associated with photons of light. One good real life example is the chemical reaction
between wood and oxygen (reactants) and it's conversion to carbon dioxide and water (products). At the beginning, the energy in
the system is largely in the molecular bonds of oxygen and the wood (reactants). There is still energy left in the carbon dioxide and
water (products), but less than at the beginning. We all appreciate that some of that energy was transferred to the energy in light and
heat. This reaction where heat is transferred to the environment- like the burning of wood- is termed exothermic. By contrast, in
some spontaneous reactions heat will transfer in from the environment- as in the melting of ice. These reactions are called
endothermic.

A third, perhaps less intuitive place to store potential energy is in the concentration of molecules. We'll discuss this more later.

The transfer of energy in or out of the reaction from the environment is NOT the only thing that determines whether a reaction will
be spontaneous or not (as described above, for melting of ice). We'll discuss that soon. For the moment, it is important to get
comfortable with the idea that energy can be transferred between different components of a system during a reaction and that you
should be able to track it.

Thermodynamics

Thermodynamics is concerned with describing the changes in systems before and after a change. This usually involves a discussion
about the energy transfers and its dispersion within the system. In nearly all practical cases, these analyses require that the system
and its surroundings be completely described. For instance, when discussing the heating of a pot of water on the stove, the system
may includes the stove, the pot, and the water and the environment or surroundings may include everything else. Biological
organisms are what are called open systems; energy is transferred between them and their surroundings.

1st Law of Thermodynamics

The first law of thermodynamics deals with the total amount of energy in the universe. It states that this total amount of energy is
constant. In other words, there has always been, and always will be, exactly the same amount of energy in the universe. According
to the first law of thermodynamics, energy may be transferred from place to place, but it cannot be created or destroyed. The
transfers of energy take place around us all the time. Light bulbs transfer energy from an electrical power station into heat and
photons of light. Gas stoves transfer energy stored in the bonds of chemical compounds into heat and light. Heat, by the way, is the
amount of energy transferred from one system to another because of a temperature difference. Plants perform one of the most
biologically useful energy transfers on earth: they transfer energy in the photons of sunlight into the chemical bonds of organic
molecules. In every one of these cases energy is neither made nor destroyed and we must try to account for all of the energy when

we examine some of these reactions.
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1st Law and the Energy Story

The first law of thermodynamics is deceptively simple. Students often understand that energy cannot be created or destroyed. Yet,
when describing an energy story of a process they (and their professors) often make the mistake of saying things such as "energy is
produced from the transfer of electrons from atom A to atom B". While most of us understand the point the speaker is trying to
make, the wrong words are being used. Energy is not made or produced, it is simply transferred. To be consistent with the first law,
when telling an energy story, make sure that you try to explicitly track all of the places that ALL of the energy in the system at the
start of a process goes by the end of a process.

2nd Law of Thermodynamics

An important concept in physical systems is that of entropy. Entropy is related to the with the ways in which energy can be
distributed or dispersed within the particles of a system. The 2nd Law of Thermodynamics states that entropy is always increasing
in an isolated system. (Please use this link to understand what an isolated system is- the universe may be an isolated system, but a
plant, or a planet, is not). This idea helps explain the directionality of natural phenomena. In general, the notion is that the
directionality comes from the tendency for energy in a system to move towards a state of maximal dispersion (as opposed to
concentration). The 2nd law, therefore, means that in any transformation we should look for an overall increase in entropy (or
dispersion of energy), somewhere. An idea that is associated with increased dispersion of energy in a system and/or its surroundings
is that as dispersion increases, the ability of the energy to be directed towards work decreases.

There will be many examples of where the entropy of a system decreases (things become more organized, rather than more
random). Life routinely organizes matter into a specific form! To be consistent with the second law, however, we must try to find
something else (likely a closely connected system in the surroundings) that must compensate for the "local" decrease in entropy
with an equal or greater increase in entropy... somewhere.

The entropy of a system can increase when: (a) it increases in temperature (but in this class, we will stay at constant
temperature) (b) a change of state occurs from solid to liquid to gas (but in this class, we will always discuss molecules dissolved in
liquid water) (c) mixing or dilution of a given number of particles occurs (very relevant here!) (d) the number of particles increases
during a reaction (for example, a large molecule is broken down into several smaller ones- again, quite relevant here).

Possible discussion

Does the second law say that entropy is conserved?

Possible discussion

Biological systems, on the surface, see to defy the Second Law of Thermodynamics. They don't. Why? Hint: You might want
to employ the terms "isolated system" vs. "closed system" vs. "open system" in your answer.

Possible discussion

A fine point. The figure below mentions order and disorder and shows that this is somehow related to a change in entropy (AS).
It is common to describe entropy as a measure of disorder as a way to simplify the more concrete description relating entropy
to the number of states in which energy can be dispersed in a system. While the idea of measuring disorder to define entropy
has some flaws, it is sometimes a useful, if imperfect, proxy. Consider the figure below. Here order serves as a good proxy for

approximating the number of ways to distribute energy in the system. Can you describe why this is the case?
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LY
AS > 0 P X k*“‘“

lce Water

Free Energy

If we want to describe transformations, it is useful to have a measure of (a) how much energy is in a system and (b) the dispersal of
that energy within the system and, of course, (c) how these change between the start and end of a process. The concept of free
energy, often referred to as Gibbs free energy (abbreviated with the letter G), in some sense, does just that. Gibbs free energy can
be defined in several interconvertible ways, but a frequently encountered, and conceptually useful, one is the enthalpy (internal
energy) of a system minus the entropy of the system scaled by the temperature. The difference in free energy when a process takes
place is often reported in terms of the change (A) of enthalpy (internal energy) denoted H, minus the temperature scaled change (A)
in entropy, denoted S. See the equation below.

[AG=AH-TAS]

Where AG = the free energy of the final state minus the free energy of the initial state of the physical matter under consideration. If
this equation makes you nervous, don't worry, we will not be working with it. However, you might play with it a bit to see whether,

for example, a system that undergoes a change that results in increased entropy would have more, or less, free energy after that
change. The term "enthalpy" is tricky as the definition "internal energy" covers a lot of ground. In most of what we discuss in this
class, we will mean the energy inherent in the structure of a particular molecule or set of molecules. Gibbs free energy is often

interpreted as the amount of energy available to do useful work. We'll refer to this quite often as potential energy. With a bit of
hand waving we can interpret this equation by invoking the idea presented in the section on entropy that states that the dispersion of
energy (required by the Second Law) associated with a positive change in entropy somehow renders some of the energy that is
transferred less useful to do work. This is reflected in part in the TAS term of the Gibbs equation. Thus AG would be better
regarded as the theoretical upper limit of the energy available to do work- the "potential” Potential energy.

To provide a basis for fair comparisons of changes in Gibbs free energy amongst different biochemical reactions, the free energy
change of a reaction is measured under a set of common standard experimental conditions. The resulting standard free energy
change of a biochemical reaction is expressed as an amount of energy per mole of the reaction product generated (expressed either
in kilojoules or kilocalories, kJ/mol or kcal/mol; 1 kJ = 0.239 kcal) when measured at a biologically "standard" pH, temperature,
and pressure conditions. Biological standard pH, temperature, and pressure conditions are generally calculated at pH 7.0, 25°
Celsius, 1 molar concentration of reactants and products, in an aqueous solution, and 100 kilopascals (1 atm) pressure. It is
important to note that cellular conditions can vary considerably from these standard conditions (particularly in terms of
concentration!), and so actual AG of a reaction inside a cell will differ considerably from that calculated under standard conditions.
Note also, that biological "standard AG", written AG"', is not the same as a chemist's standard AG, written AG®. The chemist's
standard conditions are very non-biological.

Endergonic and Exergonic Reactions

Reactions that have a AG < 0 means that the products of the reaction have less free energy than the reactants. Since AG is the
difference between the enthalpy and entropy changes in a reaction a net negative AG can arise in different ways- enthalpy could
drop (in our case, bonds between atoms could be rearranged to a less energy-rich structure), entropy could rise (perhaps because the

reaction turns 1 molecule into two, and two molecules have more possible states than one), or some combination of the two effects
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could (and probably does) occur. In our examples, the temperature of the system- a living organism- will not change, so we don't
need to worry about that.

Possible discussion

Most of the ongoing chemical reactions that occur in living things- for example, a goldfish- are exothermic. Why then would
we think that they do not produce an increase in the temperature of the goldfish?

Reactions that have a negative AG are termed exergonic reactions. These reactions are said to occur "spontaneously".
Understanding which chemical reactions are spontaneous is extremely useful for biologists that are trying to understand whether a
reaction is likely to "go" or not.

It is important to note that the term "spontaneous" - in the context of thermodynamics - does NOT imply anything about how fast
the reaction proceeds. In fact, this term is a little misleading- it would be simpler and more correct to say a reaction with a negative
AG "will proceed as written (R->P), eventually." The change in free energy only describes the difference in potential energy
between reactants and products- NOT how long that transition takes. This is somewhat contrary to the everyday use of the term
"spontaneous" which usually carries the implicit understanding that something happens quickly. As an example, the
oxidation/rusting of iron is a spontaneous reaction. However, an iron nail exposed to air does not rust instantly - it may take years.

A chemical reaction with a positive AG means that the products of the reaction have a higher free energy than the reactants. These
chemical reactions are called endergonic reactions, and they are NOT spontaneous. An endergonic reaction will not take place, in
biology, without coupling to some sort of second reaction that is exergonic. We'll see specific examples soon.

In future readings we will discuss:

1. Why exergonic reactions do not always proceed quickly

2. The effects of concentration on AG

3. How Life maintains many products and reactants at steady-state (but non-equilibrium) concentrations in order to drive the
reaction in the desired direction

4. How Life regulates reaction rate

This page titled 1.1: Potential Energy in Biology is shared under a not declared license and was authored, remixed, and/or curated by Tom
Buckley.

o 1.6: Potential Energy in Biology has no license indicated.
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2: Plant structure

Plants cells are complex structures with several organelles lacking in animal cells. Among these are the cell wall, central vacuole,
and plastids (the most familiar of which are chloroplasts). There are three main tissue types, called epidermal, ground, and vascular
tissue. Each tissue type consists of specialized cells adapted for unique functions. Plants have two organ systems: the root system
and the shoot system (figure 2.q). The root system is typically belowground and consists of roots, which specialized in water and
nutrient absorption. The shoot system consists of stems and leaves and is typically aboveground. Stems function in supporting the
plant and transporting materials (conduction), and leaves function in photosynthesis. This unit will explore these structure at the
macroscopic and microscopic level.

Figure 2.1: The shoot system consists of the stems and leaves, and the root system is the fibrous mat embedded in the soil. Image by
Maria Morrow (CC-BY-NC).
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2.1: Cells and Tissues
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Figure 2.1.1: An Elodea cell and green chloroplasts, Credit: Kammy Algiers
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Figure 2.1.2: A typical plant cell Credit: Mariana Ruiz Villarreal (public
domain).

Plants are multicellular organisms composed of eukaryotic cells. Cells are the basic building blocks of the organism. Plants are
autotrophic and thus many of their cells contain large amounts of chloroplast, the organelle for photosynthesis (Figure 2.1.1). The
green color of leaves are due to the large amounts of chloroplast within the cells. Plant cells obtain many other organelles, which
we will study in this chapter (Figure 2.1.2). Cells with similar functions are arranged in tissues, which are arranged into plant organs
such as roots, stems, and leaves. Together, these organs and their associated organ systems form the plant organism.

2.1.1: Introduction to Cells
2.1.2: Plant Cell Structure

2.1.3: Plant Tissues

2.1.4: Chapter Summary
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Figure 2.1.1.1:(a) onion cells, and (b) Elodea cells, both viewed with a light microscope. Credit: Kammy Algiers (CC-BY).

&) Learning Objectives

o Describe the role of cells in organisms.
e Summarize cell theory.
o Address the significance of cell size.

A cell is the smallest unit of a living thing. Whether comprised of one cell (like bacteria) or many cells (like a plant, Figure 2.1.1.1),
we call it an organism. Thus, cells are the basic building blocks of all organisms.

Several plant cells of one kind that interconnect with each other and perform a shared function form tissues. An example of a plant
tissue would be the epithelial tissue found on the surface of a leaf. These tissues combine to form an organ, such as a leaf. and
several organs comprise an organ system (in this case, the shoot system). Two two plant organ systems, the shoot and root system,
make up the plant. Here, we will examine the structure and function of cells.

Cell Theory

In 1665, Robert Hooke looked at cork under a microscope and saw multiple chambers which he called “cells”. In 1838, Schleidern
and Schwann stated that (1) all plants and animals are composed of cells and that (2) cell is the most basic unit (“atom”) of life. In
1858, Virchow stated that (3) all cells arise by reproduction from previous cells (“Omnis cellula e cellula” in Latin). These three
statements became the base of the cell theory.

Cell Size

At 0.1 to 5.0 pm in diameter, prokaryotic cells are significantly smaller than eukaryotic cells, which have diameters ranging from
10 to 100 pm (Figure 2.1.1.2. The prokaryotes' small size allows ions and organic molecules that enter them to quickly diffuse to
other parts of the cell. Similarly, any wastes produced within a prokaryotic cell can quickly diffuse. This is not the case in
eukaryotic cells, which have developed different structural adaptations to enhance intracellular transport.
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Figure 2.1.1.2): This figure shows relative sizes of microbes on a logarithmic scale (recall that each unit of increase in a logarithmic

scale represents a 10-fold increase in the quantity measured). Note that the smallest object is an atom, about 1 nm in size while the

largest is a human, at approximately 1m tall.
Small size, in general, is necessary for all cells, whether prokaryotic or eukaryotic. Let’s examine why that is so. First, we’ll
consider the area and volume of a typical cell. Not all cells are spherical in shape, but most tend to approximate a sphere. You may
remember from your high school geometry course that the formula for the surface area of a sphere is 4mr?, while the formula for its
volume is 4mr/3. Thus, as the radius of a cell increases, its surface area increases as the square of its radius, but its volume
increases as the cube of its radius (much more rapidly). Therefore, as a cell increases in size, its surface area-to-volume ratio
decreases. This same principle would apply if the cell had a cube shape (Figure 2.1.1.3). If the cell grows too large, the plasma
membrane will not have sufficient surface area to support the rate of diffusion required for the increased volume. In other words, as
a cell grows, it becomes less efficient. One way to become more efficient is to divide. Other ways are to increase surface area by
foldings of the cell membrane, become flat or thin and elongated, or develop organelles that perform specific tasks. These
adaptations lead to developing more sophisticated cells, which we call eukaryotic cells.

Visual connection

<|

3
3

(Figure 2.1.1.3): Notice that as a cell increases in size, its surface area-to-volume ratio decreases. When there is insufficient surface
area to support a cell’s increasing volume, a cell will either divide or die. The cell on the left has a volume of 1 mm3 and a surface
area of 6 mm?Z, with a surface area-to-volume ratio of 6 to 1; whereas, the cell on the right has a volume of 8 mm? and a surface
area of 24 mm?, with a surface area-to-volume ratio of 3 to 1.

Attributions
Curate and authored by Kammy Algiers using the following sources:
e 4.1 Studying Cells from BiologyZ2e by OpenStax (licensed CC-BY). Access for free at openstax.org.

e 2.1 Introduction to Cells from Introduction to Botany by Alexey Shipunov (public domain)

This page titled 2.1.1: Introduction to Cells is shared under a CC BY-NC 4.0 license and was authored, remixed, and/or curated by Tom Buckley.

¢ 3.1.1: Introduction to Cells by Melissa Ha, Maria Morrow, & Kammy Algiers is licensed CC BY-NC 4.0.

https://bio.libretexts.org/@go/page/150432



https://libretexts.org/
https://creativecommons.org/licenses/by-nc/4.0/
https://bio.libretexts.org/@go/page/150432?pdf
https://bio.libretexts.org/Bookshelves/Introductory_and_General_Biology/General_Biology_1e_(OpenStax)/2%3A_The_Cell/04%3A_Cell_Structure/4.1%3A_Studying_Cells
https://openstax.org/
https://creativecommons.org/licenses/by/4.0/
https://openstax.org/books/biology/pages/1-introduction
https://bio.libretexts.org/Bookshelves/Botany/Introduction_to_Botany_(Shipunov)/02%3A_Symbiogenesis_and_the_Plant_Cell/2.01%3A_Introduction_to_Cells
https://bio.libretexts.org/Courses/University_of_California_Davis/PLS_002%3A_Botany_and_physiology_of_cultivated_plants/02%3A_Plant_structure/2.01%3A_Cells_and_Tissues/2.1.01%3A_Introduction_to_Cells
https://creativecommons.org/licenses/by-nc/4.0
https://bio.libretexts.org/Courses/University_of_California_Davis/PLS_002%3A_Botany_and_physiology_of_cultivated_plants/02%3A_Plant_structure/2.01%3A_Cells_and_Tissues/2.1.01%3A_Introduction_to_Cells?no-cache
https://bio.libretexts.org/@go/page/27730
https://yc.yccd.edu/stem/program/biology-and-ecology/
https://creativecommons.org/licenses/by-nc/4.0/

LibreTexts"

2.1.2: Plant Cell Structure

Learning ObjectivesXk

o Describe the structures that all cells share in common.
o State the role of the plasma membrane.

o Describe the structures of eukaryotic cells.

e Summarize the functions of the major cell organelles.

Components of All Cells

All cells contain these same four components: 1. plasma (cell) membrane, a phospholipid bilayer with a mosaic of proteins, which
functions as a barrier between the cell and its environment. 2. cytoplasm, the region between the region of DNA and plasma
membrane, and the cytosol, a fluid, jelly-like region inside the cell where chemical reactions take place. 3. DNA, the heredity
information of cells, which can be found in a nucleus of eukaryotic cells and the a nucleoid region of prokaryotic cell. 4.
ribosomes, or protein-synthesizing structures composed of ribosomes and proteins. These structures can be found on the image of
the plant cell (Figure 2.1.2.1).

Nucleus contains
chromatin, a
nuclear envelope,
and a nucleolus,
as in an animal cell

Plasmodesmata Endoplasmic Reticulum
channels connect smooth rough
two plant cells

Cell wall maintains
cell shape

Plasma
membrane
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Golgi
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pressure against
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intermediate Peroxisome
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microfilaments Chloroplast site Plastid store

microfilaments of photosynthesis pigments

Figure 2.1.2.1): This figure show the major organelles and other cell components of a typical eukaryotic plant cell. The plant cell
has a cell wall, chloroplasts, plastids, and a central vacuole—structures not in animal cells. Most cells do not have lysosomes or
centrosomes.

The Plasma Membrane

Both prokaryotic and eukaryotic cells have a plasma membrane (Figure 2.1.2.2), a phospholipid bilayer with embedded proteins that
separates the internal contents of the cell from its surrounding environment. A phospholipid is a lipid molecule with two fatty acid
chains and a phosphate-containing group. The plasma membrane controls the passage of organic molecules, ions, water, and
oxygen into and out of the cell. Wastes (such as carbon dioxide and ammonia) also leave the cell by passing through the plasma
membrane. The plasma membrane are semi-permeable and allow small and/or non-polar molecules to pass through. Water, being
small, can pass through the membrane and will move from an area of low solute concentration to an area of high solute
concentration by the process of osmosis.
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(Figure 2.1.2.2): The eukaryotic plasma membrane is a phospholipid bilayer with proteins and cholesterol embedded in it.

The Cytoplasm

The cytoplasm is the cell's entire region between the plasma membrane and the nuclear envelope (a structure we will discuss
shortly). It is comprised of organelles suspended in the gel-like cytosol, the cytoskeleton, and various chemicals (Figure 2.1.2.1).
Even though the cytoplasm consists of 70 to 80 percent water, it has a semi-solid consistency, which comes from the proteins
within it. However, proteins are not the only organic molecules in the cytoplasm. Glucose and other simple sugars, polysaccharides,
amino acids, nucleic acids, fatty acids, and derivatives of glycerol are also there. Ions of sodium, potassium, calcium, and many
other elements also dissolve in the cytoplasm. Many metabolic reactions, including protein synthesis, take place in the cytoplasm.

DNA

In eukaryotic cells, the DNA is typically housed in a nucleus (plural = nuclei), the most prominent organelle in a cell (Figure
2.1.2.1. This organelle directs the synthesis of ribosomes and proteins. Let’s look at it in more detail (Figure 2.1.2.3).

Endoplasmic
reticulum

Nucleolus

Chromatin
Nucleoplasm
Nuclear pore

Nuclear envelope
(Figure 2.1.2.3): The nucleus stores chromatin (DNA plus proteins) in a gel-like substance called the nucleoplasm. The nucleolus is
a condensed chromatin region where ribosome synthesis occurs. We call the nucleus' boundary the nuclear envelope. It consists of
two phospholipid bilayers: an outer and an inner membrane. The nuclear membrane is continuous with the endoplasmic reticulum.
Nuclear pores allow substances to enter and exit the nucleus.

The Nuclear Envelope

The nuclear envelope is a double-membrane structure that constitutes the nucleus' outermost portion (Figure 2.1.2.3. Both the
nuclear envelope's inner and outer membranes are phospholipid bilayers.

The nuclear envelope is punctuated with pores that control the passage of ions, molecules, and RNA between the nucleoplasm and
cytoplasm. The nucleoplasm is the semi-solid fluid inside the nucleus, where we find the chromatin and the nucleolus.
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Chromatin and Chromosomes

To understand chromatin, it is helpful to first explore chromosomes, structures within the nucleus that are made up of DNA, the
hereditary material. You may remember that in prokaryotes, DNA is organized into a single circular chromosome. In eukaryotes,
chromosomes are linear structures. Every eukaryotic species has a specific number of chromosomes in the nucleus of each cell. For
example, in humans, the chromosome number is 46, while in fruit flies, it is eight. Chromosomes are only visible and
distinguishable from one another when the cell is getting ready to divide. When the cell is in the growth and maintenance phases of
its life cycle, proteins attach to chromosomes, and they resemble an unwound, jumbled bunch of threads. We call these unwound
protein-chromosome complexes chromatin (Figure 2.1.2.4. Chromatin describes the material that makes up the chromosomes both
when condensed and decondensed.

Chromatin

Histone: a protein associated
with DNA

Chromosomes

1pum
b

Figure 2.1.2.4: (a) This image shows various levels of chromatin's organization, DNA tightly coiled into two thick cylinders and
DNA coiled around proteins called histones. (b) Paired chromosomes, colored as pairs. Notice individuals of each pair are the same
size to one another. (credit b: modification of work by NIH; scale-bar data from Matt Russell)
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The Nucleolus

We already know that the nucleus directs the synthesis of ribosomes, but how does it do this? Some chromosomes have sections of
DNA that encode ribosomal RNA. A darkly staining area within the nucleus called the nucleolus (plural = nucleoli) aggregates the
ribosomal RNA with associated proteins to assemble the ribosomal subunits that are then transported out through the pores in the
nuclear envelope to the cytoplasm.

Ribosomes

Ribosomes are the cellular structures responsible for protein synthesis. They are not organelles. They can be small dot-like
structures that float freely in the cytoplasm (known as free ribosomes) or they may be attached to the plasma membrane's
cytoplasmic side or the endoplasmic reticulum's cytoplasmic side and the nuclear envelope's outer membrane, and called attached
ribosomes (Figure 2.1.2.1). Ribosomes are large protein and RNA complexes consisting of two subunits, a large and a small (Figure
2.1.2.5. Ribosomes receive their “orders” for protein synthesis from the nucleus where the DNA transcribes into messenger RNA
(mRNA). The mRNA travels to the ribosomes, which translate the code provided by the sequence of the nitrogenous bases in the
mRNA into a specific order of amino acids in a protein. Amino acids are the building blocks of proteins.

Amino

Growing peptide — acid

chain

Ribosome
large
subunit

tRNA

Ribosome
small
subunit

Figure 2.1.2.5: A large subunit (top) and a small subunit (bottom) comprise ribosomes. Note that the large subunit sits on top of the
small subunit. During protein synthesis, ribosomes assemble amino acids into proteins using information from a chain of mRNA.
The tRNA carries amino acids to the ribosome, where the arrangement is made.

Because protein synthesis is an essential function of all cells (including enzymes, hormones, antibodies, pigments, structural
components, and surface receptors), there are ribosomes in practically every cell. Ribosomes are particularly abundant in cells that
synthesize large amounts of protein. For example, the pancreas is responsible for creating several digestive enzymes and the cells
that produce these enzymes contain many ribosomes. Thus, we see another example of form following function.

Components Unique to Eukaryotic Cells

All cells contain DNA, as described above. However, plant cells, which are eukaryotic, contain organelles and a nucleus while
prokaryotic cells do not possess organelles or a membrane bound nucleus. We will start by going over the structures that are unique
to all eukaryotic. Next, we will go over structures unique to plant cells.

Endomembrane System

The endomembrane system (endo = “within”) is a group of membranes and organelles (Figure 2.1.2.6) in eukaryotic cells that
works together to modify, package, and transport lipids and proteins. It includes the nuclear envelope, lysosomes, and vesicles, the
tonoplast (see below), and the endoplasmic reticulum and Golgi apparatus. Although not technically within the cell, the plasma
membrane is included in the endomembrane system because, as you will see, it interacts with the other endomembranous
organelles. The endomembrane system does not include either mitochondria or chloroplast membranes.
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Figure 2.1.2.6Membrane and secretory proteins are synthesized in the rough endoplasmic reticulum (RER). The RER also
sometimes modifies proteins. In this illustration, an attachment of a (purple) carbohydrate modifies a (green) integral membrane
protein in the ER. Vesicles with the integral protein bud from the ER and fuse with the Golgi apparatus' cis face. As the protein
passes along the Golgi’s cisternae, the addition of more carbohydrates further modifies it. After its synthesis is complete, it exits as
an integral membrane protein of the vesicle that buds from the Golgi’s trans face. When the vesicle fuses with the cell membrane,
the protein becomes an integral portion of that cell membrane. (credit: modification of work by Magnus Manske)

Plasma membrane

If a peripheral membrane protein were synthesized in the lumen (inside) of the ER, would it end up on the inside or outside of the
plasma membrane?

The Endoplasmic Reticulum

The endoplasmic reticulum (ER) (Figure 2.1.2.6) is a series of interconnected membranous sacs and tubules that collectively
modifies proteins and synthesizes lipids. They are formed as an extension of the nuclear membrane and fold out towards the
cytoplasm. The two functions of the ER take place in separate areas: the rough ER and the smooth ER, respectively.

The rough endoplasmic reticulum (RER) can be found has ribosomes along its surface, and the proteins they create are either
secreted or incorporated into membranes in the cell. The smooth endoplasmic reticulum (SER) is continuous with the RER but
has few or no ribosomes on its cytoplasmic surface (Figure 2.1.2.6). SER functions include synthesis of carbohydrates, lipids, and
steroid hormones; detoxification of medications and poisons; and storing calcium ions.

Vesicles
Transport vesicles, composed of endomembrane system material, bud off the from the RER, carrying material into the Golgi
Apparatus, the next component of the endomembrane system.

Golgi Apparatus

The lipids or proteins within the transport vesicles still need sorting, packaging, and tagging so that they end up in the right place.
Sorting, tagging, packaging, and distributing lipids and proteins takes place in the Golgi apparatus (also called the Golgi body), a

series of flattened membranes (Figure 2.1.2.6).
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We call the side of the Golgi apparatus that is closer to the ER the cis face. The opposite side. closer to the plasma membrane, is the
trans face. The transport vesicles that formed from the ER travel to the cis face of the Golgi, fuse with it, and empty their contents
into the Golgi apparatus' lumen. As the proteins and lipids travel through the Golgi, they undergo further modifications that allow
them to be sorted. The most frequent modification is adding short sugar molecule chains. These newly modified proteins and lipids
then tag with phosphate groups or other small molecules in order to travel to their proper destinations.

Finally, the modified and tagged proteins are packaged into secretory vesicles that bud from the Golgi's trans face. While some of
these vesicles deposit their contents into other cell parts where they will be used, other secretory vesicles fuse with the plasma
membrane and release their contents outside the cell.

In plant cells, the Golgi apparatus has the additional role of synthesizing polysaccharides, some of which are incorporated into the
cell wall and some of which other cell parts use.

Cytoskeleton

The cellular skeleton is a collection of protein filaments within the cytoplasm. Microtubules are key organelles in cell division,
they form the basis for cilia and flagella. Plant cells do not have cilia, which are short projections from the cell that function in
movement, but the sperm cells of early diverging plants, like bryophytes and seedless vascular plants, have flagella. These are long
projections that function in movement. Microtubules are also are guides for the construction of the cell wall, and cellulose fibers
are parallel due to the microtubules. The movement in microtubules is based on tubulin-kinesin interactions. In contrast, the
movement of microfilaments is based on actin-myosin interactions. Microfilaments guide the movement of organelles within the
cell.

Mitochondria

Mitochondria (singular = mitochondrion) are often called the “powerhouses” or “energy factories” of a cell because they are
responsible for making a nucleic acid called adenosine triphosphate (ATP), the cell’s main energy-carrying molecule. ATP
represents the short-term stored energy of the cell. Cellular respiration is the process of making ATP using the chemical energy
found in glucose and other nutrients. In mitochondria, this process uses oxygen and produces carbon dioxide as a waste product. In
fact, the carbon dioxide that you exhale with every breath comes from the cellular reactions that produce carbon dioxide as a
byproduct.

In keeping with our theme of form following function, it is important to point out that muscle cells have a very high concentration
of mitochondria that produce ATP. Your muscle cells need a lot of energy to keep your body moving. When your cells don’t get
enough oxygen, they do not make a lot of ATP. Instead, the small amount of ATP they make in the absence of oxygen is
accompanied by the production of lactic acid.

Mitochondria are oval-shaped, double membrane organelles (Figure 2.1.2.7) that have their own ribosomes and DNA. Each
membrane is a phospholipid bilayer embedded with proteins. The inner layer has folds called cristae. The area surrounded by the
folds is called the mitochondrial matrix. The cristae and the matrix have different roles in cellular respiration.

Mitochondrial
matrix

Cristae

: Quter membrane
. Inner membrane

'-"'.";_ R e Ry =

Figure 2.1.2.7: This electron micrograph shows a mitochondrion as viewed with a transmission electron microscope. This organelle
has an outer membrane and an inner membrane. The inner membrane contains folds, called cristae, which increase its surface area.
The space between the two membranes is called the intermembrane space, and the space inside the inner membrane is called the
mitochondrial matrix. ATP synthesis takes place on the inner membrane. (credit: modification of work by Matthew Britton; scale-
bar data from Matt Russell)
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Peroxisomes

Eukaryotic cells frequently have smaller vesicles including peroxisomes which, among other functions, help in photosynthesis in
plant cells. In addition, many plant cells accumulate lipids as oil drops located directly in cytoplasm. Peroxisomes are small, round
organelles enclosed by single membranes. They carry out oxidation reactions that break down fatty acids and amino acids. They
also detoxify many poisons that may enter the body. (Many of these oxidation reactions release hydrogen peroxide, H,O», which
would be damaging to cells; however, when these reactions are confined to peroxisomes, enzymes safely break down the H,O5 into
oxygen and water.) For example, alcohol is detoxified by peroxisomes in liver cells. Glyoxysomes, which are specialized
peroxisomes in plants, are responsible for converting stored fats into sugars.

Components Unique to Plant Cells

The following structures are found exclusively in plant cells and are absent in animal cells.

Cell wall

Though a cell wall is commonly found in prokaryotes and fungi as well as plants, their diversity is due to convergent evolution, not
common ancestry, when it comes to these three groups of organisms. Plant cell walls are composed of cellulose are an excretion
found outside the plasma membrane. They serve as a covering that provides structural support and gives shape to the cell.

Central Vacuole

The central vacuole is a large, membrane-bound structure that fills much of the plant cell. The membrane surrounding the central
vacuole is called the tonoplast. The central vacuole plays a key role in regulating the cell’s concentration of water in changing
environmental conditions. Have you ever noticed that if you forget to water a plant for a few days, it wilts? That’s because as the
water concentration in the soil becomes lower than the water concentration in the plant, water moves out of the central vacuoles
and cytoplasm (Figure 2.1.2.8). As the central vacuole shrinks, it leaves the cell wall unsupported. This loss of support to the plant's
cell walls results in the wilted appearance. The central vacuole also supports the cell's expansion. When the central vacuole holds
more water, the cell becomes larger without having to invest considerable energy in synthesizing new cytoplasm. Lastly, central
vacuoles store nutrients, accumulate ions, or become a place to store wastes.

Figure 2.1.2.8 Osmosis (from left to right) in a hypertonic environment (high salt), an isotonic environment, and a hypotonic (low
salt) environment. Blue color is for the vacuole. Red arrows on the right image show turgor—combined pressure of the vacuole and
the cell wall.

Plastids

Plastids are a group of storage organelle found in plants and algae. Chloroplasts are a type of plastid that store chlorophyll and
other pigments for photosynthesis. Chromoplasts are plastids that store orange or yellow pigments, found in plants and fruit such
as bell peppers. They are rich in carotenes and xanthophyls. Amyloplasts store starch and can be found in plants such as potato
tubers, carrot roots, sweet potato roots, and grass seeds.

Chloroplasts store their pigments in interconnected sacs called thylakeids (Figure 2.1.2.9). These sacs are often found in stacks
called grana (singular granum). The fluid portion of the double membraned chloroplast is called the stroma. Because the
thylakoid stores chlorophyll a, b, and accessory pigments, it is the main region for the first reaction of photosynthesis, where
sunlight is used to create molecular energy. In the stroma, the products of the first reaction are used to produce organic molecules
such as glucose. The combination of these reactions allow these autotrophic organisms to produce their own organic food.

The chloroplast, like the mitochondria, contains its own DNA, ribosomes, and is double membraned.
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Figure 2.1.2.9: The chloroplast has an outer membrane, an inner membrane, and membrane structures called thylakoids that are
stacked into grana. The space inside the thylakoid membranes is called the thylakoid space. The light harvesting reactions take
place in the thylakoid membranes, and the synthesis of sugar takes place in the fluid inside the inner membrane, which is called the
stroma. Chloroplasts also have their own genome, which is contained on a single circular chromosome.

Evolution Connection- Endosymbiosis

We have mentioned that both mitochondria and chloroplasts contain DNA and ribosomes. Have you wondered why an
organelle would have its own DNA and ribomosome?

The Endosymbiosis Theory explains:

Symbiosis is a relationship in which organisms from two separate species depend on each other for their survival.
Endosymbiosis (endo- = “within”) is a mutually beneficial relationship in which one organism lives inside the other.
Endosymbiotic relationships abound in nature. For example, there are microbes that produce vitamin K living inside the human
gut. This relationship is beneficial for us because we are unable to synthesize vitamin K. It is also beneficial for the microbes
because they are protected from other organisms and from drying out, and they receive abundant food from the environment of
the large intestine.

Scientists have long noticed that bacteria, mitochondria, and chloroplasts are similar in size. We also know that bacteria have
DNA and ribosomes, just as mitochondria and chloroplasts do. Scientists believe that host cells and bacteria formed an
endosymbiotic relationship when the host cells ingested both aerobic and autotrophic bacteria (cyanobacteria) but did not
destroy them. Through many millions of years of evolution, these ingested bacteria became more specialized in their functions,
with the aerobic bacteria becoming mitochondria and the autotrophic bacteria becoming chloroplasts.
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2.1.3: Plant Tissues

Learning ObjectivesXk

o Describe the difference between meristematic and non-meristematic tissues.
o Compare and contrast dermal, ground, and vascular tissue.

Plants are multicellular eukaryotes with tissue systems made of various cell types that carry out specific functions. Plant tissues are
composed of cells that are similar and perform a specific function. Together, tissue types combine to form organs. Each organ itself
is also specific for a particular function.

Plant tissue systems fall into one of two general types: meristematic tissue, and permanent (or non-meristematic) tissue. Cells of the
meristematic tissue are found in meristems, which are plant regions of continuous cell division and growth. Meristematic tissue
cells are either undifferentiated or incompletely differentiated, and they continue to divide and contribute to the growth of the plant.
In contrast, permanent tissue consists of plant cells that are no longer actively dividing.

Meristematic tissues consist of three types, based on their location in the plant. Apical meristems contain meristematic tissue
located at the tips of stems and roots, which enable a plant to extend in length. Lateral meristems facilitate growth in thickness or
girth in a maturing plant. Intercalary meristems occur only in monocots, at the bases of leaf blades and at nodes (the areas where
leaves attach to a stem). This tissue enables the monocot leaf blade to increase in length from the leaf base; for example, it allows
lawn grass leaves to elongate even after repeated mowing.

Meristems produce cells that quickly differentiate, or specialize, and become permanent tissue. Such cells take on specific roles and
lose their ability to divide further. They differentiate into three main types: dermal, vascular, and ground tissue. Dermal tissue
covers and protects the plant. The ground tissue serves as a site for photosynthesis, provides a supporting matrix for the vascular
tissue, and helps to store water and sugars. The vascular tissue transports water, minerals, and sugars to different parts of the plant.
Ground tissue is a simple tissue, meaning that each ground tissue consists of only one cell type. Dermal and vascular tissues are
complex tissues because they consist of multiple cell types.

Dermal Tissue

Dermal tissue covers the plant and can be found on the outer layer of roots, stems and leaves. Its main functions are transpiration,
gas exchange and defense. The epidermis is an example of dermal tissue (Figure 2.1.3.1). It is composed of a single layer of
epidermis cells. It may contains stomata and guard cells that allow gas exchange. It may contain root hairs that increase surface
area or or trichomes used in transpiration or defense. It may contain a waxy cuticle if found on the upper surface of leaves, to aid
with lowering transpiration.
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Figure 2.1.3.1: Openings called stomata (singular: stoma) allow a plant to take up carbon dioxide and release oxygen and water
vapor. The (a) colorized scanning-electron micrograph shows a closed stoma of a eudicot. Each stoma is flanked by two guard cells
that regulate its (b) opening and closing. The guard cells are more curved when the stoma is open compared to when it is closed.
The (c) guard cells sit within the layer of epidermal cells (credit a: modification of work by Louisa Howard, Rippel Electron
Microscope Facility, Dartmouth College; credit b: modification of work by June Kwak, University of Maryland; scale-bar data
from Matt Russell)

In woody plants, the epidermis breaks apart into a thick periderm as secondary growth allows the plant to grow in girth. The cork
cambium, which makes cork cells, the cork cells (which are dead at maturity), and the phelloderm (parenchyma cells on the inside
of the cork cambium) together make up the periderm (Figure 2.1.3.2). The periderm functions as the first line of defense for the
plant, protecting it from fire or heat injury, dehydration, freezing conditions, and/or disease.

Cork
{— Cork cambium

Periderm
Phelloderm

7 “oa t

Figure 2.1.3.2: Cross section of a woody stem. The periderm is composed of the cork cambium,
cork cells, and phelloderm. Credit: Kammy Algiers (CC-BY).

Ground Tissue

Often times, tissues that are not considered dermal or vascular tissue are noted as ground tissue. These cells store molecules (such
as starch), photosynthesize (such as mesophyll cells), or support the plant. There are three types of ground tissue: collenchyma,
sclerenchyma, and parenchyma.

Collenchyma (Figures 2.1.3.3 — 4) is living supportive tissue that has elongated cells and an unevenly thickened primary cell wall.
Its main function is the mechanical support of young stems and leaves via turgor.
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Figure 2.1.3.3: Collenchyma cell walls are uneven in thickness, as seen in this light micrograph. They provide support to plant
structures. (credit: modification of work by Carl Szczerski; scale-bar data from Matt Russell)

Sclerenchyma is a dead supportive tissue that consists of long sclerenchyma fibers (Figure 2.1.3.4) or short, crystal-like cells
(sclereids; Figure 2.1.3.5). Sclerenchyma fibers occur in groups (bundles). Sclereids may be branched or not and occur individually
or in small clusters. Each cell has a uniformly thick secondary wall that is rich in lignin. Its main function is a support of older
plant organs, and also hardening different parts of plants (for example, make fruit inedible before ripeness so no one will take the
fruit before seeds are ready to be distributed). Without sclerenchyma, if a plant isn’t watered, the leaves will droop because the
vacuoles will decrease in size which lowers the turgor. Fibers inside phloem (see below) are sometimes regarded as a separate
sclerenchyma.

Figure 2.1.3.4: Left to right, top to bottom: parenchyma, sclerenchyma (cross- and longitudinal sections) and collenchyma. First
three photos from the stem of Helianthus, fourth from Medicago stem. Magnification x400.
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Figure 2.1.3.5: The grainy texture of pears (Pyrus) is due to clusters of stone cells (sclereids), the thick-walled cells that stained pink

(left, magnification = 400X). Water lily (Nymphea) leaves contains single, branched sclereids (right, magnification = 400X). Left
and right image by Berkshire Community College Bioscience Image Library (public domain).

Parenchyma (Figure 2.1.3.4) are spherical, elongated cells with a thin primary cell wall. It is a main component of young plant
organs. The basic functions of parenchyma are photosynthesis and storage. They are also important in regeneration because they
are totipotent (capable of differentiating into any cell type). Parenchyma cells are widespread in plant body. They fill the leaf,
frequent in stem cortex and pith and is a component of complex vascular tissues (see below).

Vascular Tissue

Vascular tissue is the plumbing system of the plant. It allows water, minerals, and dissolved sugars from photosynthesis to pass
through roots, stems, leaves, and other parts of the plant. It is primary composed of two types of conducting tissue: xylem and
phloem. The veins on leaves are an example of vascular tissue, moving material through the plant in the same manner that our
blood vessels carry nutrients through our body. The xylem and phloem always lie adjacent to each other (Figure 2.1.3.6). In stems,
the xylem and the phloem form a structure called a vascular bundle; in roots, this is termed the vascular stele or vascular cylinder.

200 pm

Figure 2.1.3.6: This light micrograph shows a cross section of a squash (Curcurbita maxima) stem. Each teardrop-shaped vascular
bundle consists of large xylem vessels toward the inside and smaller phloem cells toward the outside. Xylem cells, which transport
water and nutrients from the roots to the rest of the plant, are dead at functional maturity. Phloem cells, which transport sugars and
other organic compounds from photosynthetic tissue to the rest of the plant, are living. The vascular bundles are encased in ground
tissue and surrounded by dermal tissue. (credit: modification of work by "(biophotos)"/Flickr; scale-bar data from Matt Russell)
Xylem tissue transports water and minerals from the roots to different parts of the plant. The conducting cells of the xylem are
called tracheary elements. Parenchyma cells are also found in the xylem, and sclerenchyma fibers and sclereids are sometimes

present.

There are two type of tracheary elements: vessel elements and tracheids (Figure 2.1.3.7). Both cell types that are dead at maturity
and have thickened secondary cell walls. These cells connect to one another and allow water to be transported through them.
Structurally, the vessel elements are wider than tracheids and contain perforation plates between adjacent vessel elements (Figure
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2.1.3.7 — 8). Wide openings (slits or pores) in perforation plates allow water to flow vertically between vessel elements, forming a
continuous tube. Both types of tracheary elements contain pits, gaps in their secondary cell walls. Adjacent cells have pits in the
same locations, forming pit pairs, which allow water and minerals to flow between adjacent cells through the pit membrane (the
remaining, thin primary cell walls in these regions; Figure 2.1.3.9 — 10). Therefore, water flows through both perforation plates and
pit pairs in vessel elements but only through pit pairs in tracheids. While water can move more quickly through vessel elements,
they are more susceptible to air bubbles. An air bubble disrupts cohesion in the column of water moving up the tube of vessel
elements preventing use of that particular pathway. In tracheids, an air bubble would only decommission a single tracheid rather
than an entire column of vessel elements. Vessel elements are found only in angiosperms, but tracheids are found in both
angiosperms and gymnosperms.

__Tracheids

Xylem

Xylem transports water and
minerals through vessel elements
and tracheids, which are dead at
maturity and have a primary and
secondary cell wall. In pits, the
secondary wall is thin or missing,
allowing water to flow laterally.

Parenchyma
cells

Vessel element

Parenchyma cell —, / Perforation plate
]

b

<>

Secondary cell wall WA

"5,

Primary cell wall~ Pits

Figure 2.1.3.7: Xylem transports water and minerals through vessel elements and tracheids, which are dead at maturity and have a
thin primary and thick secondary cell wall internal to the primary cell wall. In pits, the secondary wall is thin or missing, allowing
water to flow laterally. The xylem of angiosperms contains both types of tracheary elements: vessel elements, and tracheids. Vessel
elements are stacked up top of each other and contain perforation plates in between cells. Tracheids are thinner and lack
performation plates. Pits are thinned regions in the cell wall that allow movement of water between adjacent tracheary elements.
Image modified from Kelvinsong (CC-BY-SA).
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Figure 2.1.3.8: Longitudinal section of vessel elements in a Cucurbita (squash) stem (magnification = 400X). Horizontal purple
lines represent perforation plates between cells in a column. The rings around the cells are annular cell wall thickenings. Image by
Berkshire Community College Bioscience Image Library (public domain).
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Cell Wall — |

Pit Aperture Pit Membrane — > Pit Chamber

Figure 2.1.3.9: Pits are thinned regions of the cell wall (left). Pits of adjacent cells together form pit pairs separated by a pit
membrane. On either side of the pit membrane is a pit chamber. The pit aperature is the opening to the pit chamber. The pit
membranes of gymnosperms have a thickened central region called the torus (right). 1: The margo is the part of the membrane
surrounding the torus. 2: The torus can block the pit opening (aperture) as needed to prevent air bubbles from spreading throughout
the xylem. Left and right image by Pagliaccious (CC-BY-SA).

Figure 2.1.3.10: Bordered pits in tracheids of pine (Pinus) wood appear as bulls eyes. Pit pairs of some species have thickened outer
regions (borders). Inside of this is a thinned membrane (margo) and a thickened central portion (torus). Image by Berkshire
Community College Bioscience Image Library (public domain).
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Phloem tissue transports organic compounds such as sugars from the site of photosynthesis to rest of the plant (Figure
2.1.3.11 — 12). The conducting cells of the phloem are called sieve elements. In comparison to tracheary elements, sieve elements
have only primary cell walls (and thus thinner cell walls overall) and are alive at maturity; however, they lack certain organelles,
including a nucleus. Sieve-tube elements are the sieve elements found only in angiosperms while sieve cells are found only in
gymnosperms while. Both types of sieve elements have pores in their cell walls (sieve areas) that allow transfer of materials
between adjacent cells, but these are concentrated at sieve plates in sieve-tube elements and evenly distributed in sieve cells.
Because they lack essential organelles, sieve elements rely on specialized parenchyma cells to support them. Companion cells
support sieve-tube elements in angiosperms, and albuminous cells support sieve cells in gymnosperms. Additionally parenchyma
cells and sclerenchyma cells (phloem fibers) are also found in the phloem.

2~ . %  Phloem
T ©  Phloem transports sugars and
y 2 e other items. In angiosperms, sieve-tube
| 2 elements contain the sugar solution.
_h Sieve-tube cells are surrounded
- j . by various support cells .

Transfer cell

- Plasmodesmata | ﬁ'lli]”r;v\:{lhs

| Sieve-tubeelement | |
Intermediarycellﬁ II —Sieve plate /I [
| | {

b

Bundle sheath cell Parenchyma
Vacuole cell

Chloroplast

Companion cell’ I
Cellnucleus |

Vacuole -

Figure 2.1.3.11: Phloem transports sugars and other items. In angiosperms, sieve-tube elements contain the sugar solution. Sieve-
tube elements are the conducting cells of the phloem in angiosperms. Sieve plates allow sieve-tube elements stacked on top of each
other to connect. Sieve-tube cells are surrounded by various support cells. Companion cells are narrower than sieve-tube elements
and each contain a nucleus. They are connected to sieve-tube elements via plasmodesmata and provide them with the molecules
they need to function (energy molecules, proteins, etc.) Some companion cells are specialized as intermediary cells, which are
between the bundle sheath (see below) and sieve-tube element. Transfer cells are parenchyma cells with cell wall ingrowths, which
increase surface area for transport. The bundle sheath cells form the bundle sheath, which surrounds vascular bundles (where the
xylem and phloem are located). Within the bundle sheath cell are oval chloroplasts, a nucleus (not labeled), and the central vacuole,
which fills most of the cell. Image by Kelvinsong (CC-BY-SA).

https://bio.libretexts.org/@go/page/150434



https://libretexts.org/
https://creativecommons.org/licenses/by-sa/4.0/
https://bio.libretexts.org/@go/page/150434?pdf
https://commons.wikimedia.org/wiki/File:Phloem_cells.svg
https://creativecommons.org/licenses/by-sa/3.0/deed.en

LibreTexts"

sieve plate of sieve-tube element

sieve-tube element

companion cell

Figure 2.1.3.12: Phloem in a cross section of a Cucurbita (squash) stem, magnified at 400X. Each wide sieve-tube cell has a small,
dark companion cell associated with it. (The companion cells are dark because each contains a nucleus.) The cross section cut
exactly in between two sieve tube elements in some cases, revealing the sieve plate. Image by Melissa Ha (CC-BY).

The table below summarizes differences between xylem and phloem:

Xylem Phloem
Contains mostly Dead cells Living cells
Transports Water & Minerals Sugar
Direction Up Up and Down
Biomass Big Small

Meristematic Tissue

Meristems produce cells that quickly differentiate, or specialize, and become permanent tissue. Such cells take on specific roles and
lose their ability to divide further. They differentiate into three main types: dermal, vascular, and ground tissue. Dermal tissue
covers and protects the plant, and vascular tissue transports water, minerals, and sugars to different parts of the plant. Ground tissue
serves as a site for photosynthesis, provides a supporting matrix for the vascular tissue, and helps to store water and sugars.
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2.1.4: Chapter Summary

A cell is the smallest unit of a living thing. Whether comprised of one cell (like bacteria) or many cells (like a plant), we call it an
organism. Thus, cells are the basic building blocks of all organisms. Eukaryotic cells are generally around 10 to 100 pm in size. As
a cell increases in size, its surface area-to-volume ratio decreases, decreasing the efficiency of transport. If the cell grows too large,
the plasma membrane will not have sufficient surface area to support the rate of diffusion required for the increased volume. All
cells contain these same four components: 1. plasma (cell) membrane, 2. cytoplasm and the fluid region, cytesol, 3. DNA, and 4.
ribosomes. Eukaryotic cells contain organelles and a membrane-bound nucleus that is attached to an endomembrane system. The
main structures that comprise the endomembrane system are the endoplasmic reticulum, vesicles, and the Golgi body.
Furthermore, eukaryotic cells contain cytoskeleton and a mitochondria. Plant cells contain some structures animal cells don't
possess: a cell wall, central vacuole, peroxisomes, and plastids, most notably chloroplasts. The mitochondria and chloroplast
have evolved via the Endosymbiosis Theory.

Several plant cells of one kind that interconnect with each other and perform a shared function form tissues. Plant tissue systems
fall into one of two general types: meristematic tissue, and permanent (or non-meristematic) tissue. Dermal tissue covers the
plant and can be found on the outer layer of roots, stems and leaves. Vascular tissue is the plumbing system of the plant. It allows
water, minerals, and dissolved sugars from photosynthesis to pass through roots, stems, leaves, and other parts of the plant. It is
primary composed of two types of conducting tissue: xylem and phloem. Tissues that are not considered dermal or vascular tissue
are noted as ground tissue. These cells store molecules (such as starch), photosynthesize (such as mesophyll cells), or support the
plant. Ground tissue is often divided into three cell types: collenchyma, sclerenchyma, and parenchyma.

X After completing this chapter, you should be able to...

o Describe the role of cells in organisms.

e Summarize cell theory.

o Address the significance of cell size.

o Describe the structures that all cells share in common.

o State the role of the plasma membrane.

o Describe the structures of eukaryotic cells.

o Summarize the functions of the major cell organelles.

o Describe the difference between meristematic and non-meristematic tissues.
o Compare and contrast dermal, ground, and vascular tissue.

Attribution

Curated and authored by Kammy Algiers using 4.1 Studying Cells and 4.3 Eukaryotic cells from Biology 2e by OpenStax (licensed
CC-BY). Access for free at openstax.org.

This page titled 2.1.4: Chapter Summary is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Tom Buckley.

¢ 3.1.4: Chapter Summary by Melissa Ha, Maria Morrow, & Kammy Algiers is licensed CC BY 4.0.

https://bio.libretexts.org/@go/page/150435


https://libretexts.org/
https://creativecommons.org/licenses/by/4.0/
https://bio.libretexts.org/@go/page/150435?pdf
https://bio.libretexts.org/Courses/University_of_California_Davis/PLS_002%3A_Botany_and_physiology_of_cultivated_plants/02%3A_Plant_structure/2.01%3A_Cells_and_Tissues/2.1.04%3A_Chapter_Summary
https://bio.libretexts.org/Bookshelves/Introductory_and_General_Biology/General_Biology_1e_(OpenStax)/2%3A_The_Cell/04%3A_Cell_Structure/4.1%3A_Studying_Cells
https://bio.libretexts.org/Bookshelves/Introductory_and_General_Biology/General_Biology_1e_(OpenStax)/2%3A_The_Cell/04%3A_Cell_Structure/4.3%3A_Eukaryotic_Cells
https://openstax.org/
https://creativecommons.org/licenses/by/4.0/
https://openstax.org/books/biology/pages/1-introduction
https://bio.libretexts.org/Courses/University_of_California_Davis/PLS_002%3A_Botany_and_physiology_of_cultivated_plants/02%3A_Plant_structure/2.01%3A_Cells_and_Tissues/2.1.04%3A_Chapter_Summary
https://creativecommons.org/licenses/by/4.0
https://bio.libretexts.org/Courses/University_of_California_Davis/PLS_002%3A_Botany_and_physiology_of_cultivated_plants/02%3A_Plant_structure/2.01%3A_Cells_and_Tissues/2.1.04%3A_Chapter_Summary?no-cache
https://bio.libretexts.org/@go/page/37044
https://yc.yccd.edu/stem/program/biology-and-ecology/
https://creativecommons.org/licenses/by/4.0/

Li brelexts"
SECTION OVERVIEW

2.2: Roots

Figure 2.2.1: Based on the type of substrate, roots can sometimes become visible on the ground. Credit: SKsiddhartthan (CC-BY-
SA-4.0)
Roots are plant organs that are usually found underground. They not only anchor the plant, but also transport water, minerals, and
sugars. In many plants, carbohydrates are stored in the roots so they can be used when needed. Roots can be very deep, and spread
out very far. Some roots are as deep as the tree is high. Roots can also spread far beyond the canopy of the tree. However, being
underground, they are often gone unnoticed.

Roots

2.2.1: Organs and Organ Systems
2.2.2: External Root Structure
2.2.3: Internal Root Structure
2.2.4: Root Modifications

2.2.5: Chapter Summary
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2.2.1: Organs and Organ Systems

&) Learning Objectives

o Describe the types of organs and organ systems in plants.
o Describe the function of roots.

Plant tissues form organs (such as leaves, stems, or roots), each of which perform a specific set of functions. Together, organs often
work to form organ systems. Vascular plants have two distinct organ systems: a shoot system, and a root system. The shoot system
consists of two portions: the vegetative (non-reproductive) parts of the plant, such as the leaves and the stems, and the reproductive
parts of the plant, which include flowers and fruits. The shoot system generally grows above ground, where it absorbs the light
needed for photosynthesis. The root system, which anchors the plant into the ground, absorbs water and minerals, and serves as a
storage site for food is usually underground. (Figure 2.2.1.1) shows the organ systems of a typical plant.

Reproductive
\j&y& Vegetative

Shoot system

ROOt system . / p S
,{); i
{

Figure 2.2.1.1: The shoot system of a plant consists of leaves, stems, flowers, and fruits. The root system anchors the plant while
absorbing water and minerals from the soil. The dandelion root system consists of a single, thick root that branches into smaller
roots.
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2.2.2: External Root Structure

&) Learning Objective

Identify the types of root systems found in plants.

There are two types of root systems. The first is a fibrous root system which has multiple big roots that branch and form a dense
mass which does not have a visible primary root (“grass-like”). The other is the tap root system which has one main root that has
branching into lateral roots (“carrot-like”).

Root systems are mainly of two types (Figure 2.2.2.1). Eudicots have a tap root system, while monocots have a fibrous root system.
A tap root system has a main root that grows down vertically, and from which many smaller lateral roots arise. Dandelions are a
good example; their tap roots usually break off when trying to pull these weeds, and they can regrow another shoot from the
remaining root). A tap root system penetrates deep into the soil. In contrast, a fibrous root system is located closer to the soil
surface, and forms a dense network of roots that also helps prevent soil erosion (lawn grasses are a good example, as are wheat,
rice, and corn). Some plants have a combination of tap roots and fibrous roots. Plants that grow in dry areas often have deep root
systems, whereas plants growing in areas with abundant water are likely to have shallower root systems.

(a) Taproot system

J

(b) Fibrous root system

J
|
i
!

Figure 2.2.2.1: (a) Tap root systems have a main root that grows down, while (b) fibrous root systems consist of many small roots.
(credit b: modification of work by “Austen Squarepants”/Flickr)

Along with having different systems, there are primary root that originated from the root of the seedling (Figure 2.2.2.2a) and
secondary (lateral) roots originate from the primary roots, and adventitious roots originate on stems or leaves, rather than from
the base of the embryo. Adventitious roots can grow if plant cuttings are placed in water (Figure 2.2.2.2b).
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Figure 2.2.2.2: a) Mung bean tap root (eudicot) and wheat bean fibrous root (monocot) from sprouts. b) Jade plant cutting, showing
adventitious roots growing from stem after being placed in water. Credit: Kammy Algiers (CC-BY).
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2.2.3: Internal Root Structure

4b Learning Objectives

e Describe the different structures and zones of a root.
o Compare and contrast a monocot root to a eudicot root.
o Describe secondary root growth and the function of vascular and cork cambium.

Root Anatomy

Root growth begins with seed germination. When the plant embryo emerges from the seed, the radicle of the embryo begins to
grow downward and forms the root system. As the root system grows, various structures begin to appear.

Longitudinal Section

If you were to cut a root down longitudinally, you would see the various layers inside. The tip of the root is protected by the root
cap, a structure exclusive to roots and unlike any other plant structure. The root cap is continuously replaced because it gets
damaged easily as the root pushes through soil. The root tip can be divided into three zones: a zone of cell division, a zone of
elongation, and a zone of maturation and differentiation (Figure 2.2.3.1). The zone of cell division is a continuation of the root
cap; it is made up of the actively dividing cells of the root meristem. The zone of elongation is where the newly formed cells begin
to increase in length, thereby lengthening the root. They are older than cells at the zone of cell division. Beginning at the first root
hair is the zone of cell maturation where the root cells begin to differentiate into special cell types. The root has an outer layer of
cells called the epidermis, which surrounds areas of ground tissue and vascular tissue. The epidermis provides protection and helps
in absorption. Roeot hairs, which are extensions of root epidermal cells, increase the surface area of the root, greatly contributing to
the absorption of water and minerals. All three zones are in the first centimeter or so of the root tip.

Vascular
cylinder

B - Root hair
Area of
maturation
Area of
elongation
— Apical
meristem
Area of
cell division
— Root cap

Figure 2.2.3.1: A longitudinal view of the root reveals the zones of cell division, elongation, and maturation. Cell division occurs in
the apical meristem.

Cross Section

If you were to cut a cross section of the leaf, you could see other features that are not as obvious in the longitudinal section. Inside
the root, the ground tissue may form two regions: the cortex and the pith (Figure 2.2.3.2). When comparing roots to stems, roots
have much more cortex and very little pith. Whereas eudicot roots have no central pith, monocots have a small pith. Both cortex
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and pith include cells that store photosynthetic products. The cortex is between the epidermis and the vascular tissue, whereas the
pith lies between the vascular tissue and the center of the root.

The inner portion of the root contains the vascular tissue (xylem and phloem). This area is called the stele. A layer of cells known
as the endodermis borders the stele (Figure 2.2.3.2) and is considered the innermost layer of the cortex. The endodermis is
exclusive to roots, and serves as a checkpoint for materials entering the root’s vascular system. A waxy substance called suberin is
present on the walls of the endodermal cells. This waxy region, known as the Casparian strip, forces water and solutes to cross the
plasma membranes of endodermal cells instead of slipping between the cells. This ensures that only materials required by the root
pass through the endodermis, while toxic substances and pathogens are generally excluded. The outermost cell layer of the root’s
vascular tissue is the pericycle, an area that can give rise to lateral roots.

Dicot root Monocot root

Epidermis o Pith

Xylem

Pericycle

Endodermis

(Figure 2.2.3.2): In (left) typical eudicots, the vascular tissue forms an X shape in the center of the root. In (right) typical monocots,
the phloem cells and the larger xylem cells form a characteristic ring around the central pith.

Monocots

Note that the size of the stele in the monocot cross section is large (everything inside the green ring (Figure 2.2.3.3). The vascular
tissue is arranged in a ring around the pith. This arrangement is called a siphonostele. The cortex surrounds the stele. The
endodermis is the innermost layer of the cortex, and the exodermis is the outermost layer of the cortex. The exodermis controls
the flow of water, ions, and nutrients. The outermost layer of the root (external to the cortex) is the epidermis, which covers the root
and aids in absorption.
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Exodermis
(sclerenchyma) Epidermis Phloem

Cortex Pericycle Endodermis Root hairs
(parenchyma cells)

(Figure 2.2.3.3): Staining reveals different cell types in this light micrograph of a wheat (Triticum) root cross section. Sclerenchyma
cells of the exodermis and xylem cells stain red, and phloem cells stain blue. Other cell types stain black. The stele, or vascular
tissue, is the area inside endodermis (indicated by a green ring). Root hairs are visible outside the epidermis. (credit: scale-bar data
from Matt Russell)

Eudicots

In eudicot roots, the vascular tissue fills the center of the root, and there is no pith. This arrangment is called a protostele. The
xylem and phloem of the stele are arranged alternately in an X shape (Figure 2.2.3.4). Most of the root is composed of cortex tissue,
and the endodermis, the innermost layer of the cortex, borders the stele. The outer layer of the root (external to the cortex) is the

epidermis.

Figure 2.2.3.4: Eudicot root cross section. From center out, the xylem (in red) make an X, and the side tissues (green) make up the
phloem.. The endodermis separates the stele from the cortex, which is the largest tissue. The last layer of cells on the edge is the

epidermis layer. (Credit: Wikimedia)

Secondary Root Growth

Many roots have secondary growth as well as primary growth (figures 2.2.3.5 — 6). This occurs by the production of two types of
meristemic tissue, the vascular cambium and the cork cambium. The cork cambium is responsible for the girth or growth in the
diameter of the root. This occurs by the cork cambium adding vascular tissue to the root. Cells of the pericycle and procambium
(the meristematic tissue between the primary phloem and xylem) begin division, and form a vascular cambium around the primary
xylem. The vascular cambium then divides to form secondary xylem on the inside and secondary phloem on the outside.
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Figure 2.2.3.5: A labeled cross section
Cambium, D=Secondary Xylem, E=Primary xylem. Image from Berkshire Community College Bioscience Image Library (public
domain). Labels added by Maria Morrow.

Endodermis
Pericycle
Procambium

Vascular cambium  Vascular cambium
from procambium  from pericycle

ROOT

PRIMARY

GROWTH

Perdermis Epidermis
Pericycle Cortex

oot Vascular cambium
SECONDARY -
GROWTH Kylem, secondary

~ Phloem, secondary
Pericycle

Phloem, Kylem, primary
primary

Figure 2.2.3.6: The process of secondary growth in roots begins when the vascular cambium (dark blue ring) arises from the
pericycle and embryonic tissue called the procambium. The vascular cambium produces secondary xylem (dark red) internally and
secondary phloem (light blue) externally. Additionally, the cork cambium arises from the pericycle and produces cork and
phelloderm, forming the periderm (dark brown outer layer). Image from Atlas of Plant and Animal Histology (CC-BY-NC-SA)

Wascular cambium
Kylem, secondary
Phloem, secondary

Some roots with secondary growth may form a periderm (a protective layer, replacing the epidermis). This occurs by the formation
of a cork cambium which originate from the pericycle. The cork cambium produces parenchyma tissues called phelloderm to the
inside of the root and the cork on the outside of the root. Cork cells (phellem) are dead at maturity. They are hollow and the
addition of air space in the tissue functions as a protective layer. They also produce a waxy substance called suberin. This wax
functions to aid in water loss. It also makes the root more resistant to bacterial and fungal infections. The three layers 1. phelloderm
2. cork cambium and 3. cork cells are collectively known as the periderm.
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2.2.4: Root Modifications

@b Learning Objective

Describe the types of modified roots and their functions.

Root structures may be modified for specific purposes. For example, some roots are bulbous and store starch. Tap roots in plants
such as carrots, turnips, and beets, are examples of roots that are modified for food storage (Figure 2.2.4.1).

Figure 2.2.4.1: Many vegetables are modified roots.
Aerial roots are forms of aboveground roots that provide additional support to anchor the plant. Epiphytic roots are a type of aerial
root that enable a plant to grow on another plant. For example, the epiphytic roots of orchids develop a spongy tissue to absorb
moisture. The banyan tree (Ficus sp.) begins as an epiphyte, germinating in the branches of a host tree. The plant's aerial roots
develop from the branches and eventually reach the ground, providing additional support (Figure 2.2.4.2). In screwpine (Pandanus
sp.), a palm-like tree that grows in sandy tropical soils. Plants which grow on sand have another problem: their substrate constantly
disappears. To avoid this, plants developed contractile roots which may shorten and pull plant body deeper into the sand.

(b)

Figure 2.2.4.2: The (a) banyan tree, also known as the strangler fig, begins life as an epiphyte in a host tree. Aerial roots extend to
the ground and support the growing plant, which eventually strangles the host tree. The (b) screwpine develops aboveground roots
that help support the plant in sandy soils. (credit a: modification of work by "psyberartist"/Flickr; credit b: modification of work by
David Eikhoff)
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Plants growing in ocean coastal swamps need additional specializations. Roots of mangroves are frequently modified into
supportive aerial roots called stilt roots. Stilt roots are adventitious and grow from lateral branches. Swamp plants are often
flooded and need additional adaptations for respiration. Pneumatopheores are specialized roots that grow upward and allow oxygen
and carbon dioxide exchange from the plant's root system. They passively catch the air via multiple pores (Figure 2.2.4.3).

B

Figure 2.2.4.3: Mangrove pneumatophores in Sulawesi. (Credit: Wikimedia CC BY_SA 3.0)

Some aerial roots will function as photosynthetic organs as well. Though rare, you can see green photosynthetic roots in some
plants such as epiphytic orchids (Figure 2.2.4.4). In some cases, the plant is leaf-less so all the photosynthesis is done by the aerial
roots. In other plants, the aerial roots aid in photosynthesis.

Figure 2.2.4.4: Photosynthetic roots of leafless orchid Chiloschista segawai.

Root nodules present on the roots of nitrogen-fixing plants, they contain bacteria capable to deoxidize atmospheric nitrogen into
ammonia: N2 — NH;. Root nodules contain also hemoglobin-like proteins which facilitate nitrogen fixation by keeping oxygen
concentration low. Nitrogen-fixing plants are especially frequent among faboid rosids: legumes (Leguminosae family) and many
other genera (like alder, Alnus, or Shepherdia, buffaloberry) have root nodules with bacteria. Some other plants (mosquito fern,
Azolla and dinosaur plant, Gunnera) employ cyanobacteria for the same purpose.

Mycorrhiza is a root modification started when fungus penetrates root and makes it more efficient in mineral and water
absorption: it will exchange these for organic compounds. In addition to mycorrhizal fungi, endephytic fungi inhabit other plant
organs and tissues.
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2.2.5: Chapter Summary

Roots help to anchor a plant, absorb water and minerals, and serve as storage sites for food. Taproots and fibrous roots are the two
main types of root systems. In a taproot system, a main root grows vertically downward with a few lateral roots. Fibrous root
systems arise at the base of the stem, where a cluster of roots forms a dense network that is shallower than a taproot. The growing
root tip is protected by a root cap. The root tip has three main zones: a zone of cell division (cells are actively dividing), a zone of
elongation (cells increase in length), and a zone of maturation (cells differentiate to form different kinds of cells). The root's
ground tissue contains cortex and pith while its vascular tissue contains xylem and phloem. Monocots and eudicots have different
organization of their vascular tissues, with the monocot vascular tissue organized into a characteristic ring around the central pith
while the eudicot vascular tissue forms an "X" shape in the center of the root and lacks a pith. Many roots have secondary growth
as well as primary growth. Secondary growth occurs by the production of two types of meristemic tissue, the vascular cambium
and the cork cambium.

In some habitats, the roots of certain plants may be modified and adapted for various environments. Some examples of these
modifications result in storage roots, aerial roots, epiphytic roots, contractile roots, stilt roots, penumatophores, and
photosynthetic roots. Root nodules and mycorrhizae are root adaptations that increase the efficiency of nutrient uptake.

& After completing this chapter, you should be able to ...

e Describe the types of organs and organ systems in plants.

o Describe the function of roots.

o Identify the types of root systems found in plants.

o Describe the different strictures and zones of a root.

o Compare and contrast a monocot root to a eudicot root.

e Describe secondary root growth and the function of vascular and cork cambium.
o Describe the types of modified roots and their functions.

Glossary
adventitious root
Casparian strip
endodermis
fibrous root system
pericycle

root cap

root hair

stele

tap root system
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2.3: Stems

The shoot system of a plant consists of stems and leaves (Figure 2.3.1). Stems may range in length from a few millimeters to
hundreds of meters, and also vary in diameter, depending on the plant type. Stems are usually aboveground, although the modified
stems of some plants, such as the potato, also grow underground. Stems may be herbaceous (soft) or woody in nature. A stem may
be unbranched, like that of a palm tree, or it may be highly branched, like that of a magnolia tree.

Figure 2.3.1: The shoot system of bamboo plants. Image by RanaAnees (CC-BY-SA).

The stem of the plant functions in support, conduction, photosynthesis, and storage. Stems support leaves, flowers, and buds. They
connect the roots to the leaves, helping to transport absorbed water and minerals to different parts of the plant. It also helps to
transport the products of photosynthesis, namely sugars, from the leaves to the rest of the plant. Stems also store food for the plant,
mainly in the form of starch.
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2.3.1: Stem Morphology (External Structure)

&) Learning Objective

Identify the main external structures of the shoot system, including the nodes, internodes, leaves, axillary buds, and axillary
shoots.

Plant stems, whether above or below ground, are characterized by the presence of nodes and internodes (Figure 2.3.1.1). Nodes are
points of attachment for leaves. Leaves often consist of a thin region that attaches to the stem (the petiole) and a broader blade (see
Leaves). The stem region between two nodes is called an internode. An axillary bud is usually found in the axil—the area
between the base of a leaf and the stem—where it can give rise to a branch called an axillary shoot (Figure 2.3.1.2). The shoot
apex at the tip shoot contains the shoot apical meristem surrounded by developing leaves called leaf primordia (see Meristems).

Blade Petiole |

Leaf

Figure 2.3.1.1: Leaves are attached to the plant stem at areas called nodes. An internode is the stem region between two nodes. The
smaller leaves just above the nodes are the beginning of axillary shoots, which arose from axillary buds. Image modified from
OpenStax (CC-BY)

Figure 2.3.1.2: Axillary buds of sweet granadilla (Passiflora ligularis). One of the axillary buds is labeled with an arrow. Image
modified from Eiku (CC-BY-SA).
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2.3.2: Internal Anatomy of the Primary Stem

4b Learning Objectives

o Identify the structures representing each of the three tissue systems in stems.
o Compare the structure of solenosteles, eusteles, and atactosteles.
o Explain the arrangement of leaf traces, leaf trace gaps, branch traces, and branch trace gaps.

The primary stem refers to the herbaceous (non-woody) stem, which has not undergone secondary growth (the growth that
produces bark and wood). Some species (all monocots and some eudicots) remain herbaceous for their entire lives, maintaining the
primary stem. Other species of eudicots initially form a primary stem but later become woody, replacing the primary stem with the
secondary stem. The anatomy of the stem (internal structure) can be examined through longitudinal sections (cutting the stem
lengthwise) or in cross sections (cutting a slice of the stem perpendicular to the length).

All three tissue types are represented in the primary stem. The epidermis is the dermal tissue that surrounds and protects the stem.
The epidermis typically consists of one layer of cells. A waxy cuticle on the outside of these cells limits water loss. Epidermal cells
are the most numerous and least differentiated of the cells in the epidermis. Pores in the epidermis called stomata (singular: stoma)
allow for gas exchange. Each stoma is bordered by a pair of guard cells, which regulate stomatal opening. While stomata are
present in stems, they occur at higher densities in leaves. Trichomes are hair-like structures on the epidermal surface. They help to
reduce transpiration (the loss of water by aboveground plant parts), increase solar reflectance, and store compounds that defend the
leaves against predation by herbivores (Figure 2.3.2.1).

Figure 2.3.2.1: Trichomes extend from the epidermis of this Datrua inoxia stem. Image by Silk666 (CC-BY-SA).

Ground tissue fills much of the stem, forming the cortex directly within the epidermis and the pith (if present) in the center. The
outermost portion of the cortex is usually a few layers of collenchyma cells. The remainder of the cortex and pith consist of
parenchyma cells. The arrangement of vascular tissue in the stem depends on the species (see below).

Cross sections reveal three possible arrangements of vascular tissue (steles) in the stem. The first arrangement (solenostele) is
present in a few eudicots, such as basswood (Tilia). In the solenostele, the vascular tissue appears as a continuous ring (vascular
cylinder; Figure 2.3.2.2). The interfascicular regions (pith rays) of parenchyma cells that separate vascular tissue are thus
extremely narrow. The second arrangement (eustele) is present in most eudicots such as sunflower (Helianthus) and buttercup
(Ranunculus). In the eustele, vascular tissue is clustered into distinct vascular bundles arranged in a ring, allowing for thicker
interfascicular regions in between them (Figure 2.3.2.3 — 4). In these solenosteles and eusteles, the vascular tissue separates ground
tissue into an outer cortex and central pith. The third arrangement (atactostele) is present in most monocots, such as corn (Zea
mays) and a few eudicots. In the atactostele, vascular bundles are scattered throughout the stem (Figure 2.3.2.3,). While vascular
bundles near the outside of the stem are packed more densely in this third arrangement, their distribution is somewhat disorderly.
There is no distinction between the cortex and pith in the third arrangement.
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Figure 2.3.2.2: Cross section of a common St. John's Wort (Hypericum perforatum) stem, illustrating a solenostele. The epidermis
borders the entire root. The central pith (greenish-blue, in the center) and peripheral cortex (narrow zone 3-5 cells thick just inside
the epidermis) are composed of parenchyma cells. Vascular tissue, forming the vascular cylinder, is composed of xylem (red) and
phloem tissue (green, between the xylem and cortex) surrounds the pith. Image by RolfDieterMueller (CC-BY)

Eustele (most eudicots) Atactostele (most monocots)

Primary
phloem fibers

Vascular
bundle

Ground tissue

Phloem Xylem

Figure 2.3.2.3: In eusteles (left), vascular bundles are arranged around the periphery of the ground tissue. The xylem tissue is
located toward the interior of the vascular bundle, and phloem is located toward the exterior. Primary phloem fibers cap the
vascular bundles. In atactosteles (right), vascular bundles composed of xylem and phloem tissues are scattered throughout the
ground tissue.
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Figure 2.3.2.4: Cross section of a sunflower (Helianthus) stem, illustrating a eustele. Vascular bundles are arranged in a ring. The
interfascicular regions between the vascular bundles are thick compared to the solenostele, where they were too thin to be visible.
The ground tissue is separated into an outer cortex and a central pith. The epidermis borders the entire stem. Image labeled from
Berkshire Community College Bioscience Image Library (public domain)

epidermis
vascular bundle

_ground tissue

Figure 2.3.2.5: Cross section of a corn (Zea mays) stem, an example of an atactos
scattered but are at a higher density near the outside of the stem. In contrast to solenosteles and eusteles, the ground tissue is not
separated into a pith and cortex. The epidermis borders the entire stem. Image labeled from Berkshire Community College
Bioscience Image Library (public domain)
The cells of embryonic tissue called the procambium (see Meristems) divides to produce primary xylem internally and primary
phloem externally. In some vascular bundles, some procambial cells remain and form the fascicular cambium in the center of the
vascular bundle. Once the stem has finished lengthening, sclerenchyma fibers called primary phloem fibers are produced just
outside of the primary phloem. The primary phloem fibers of each vascular bundle are sometimes called phloem caps (bundle
caps). If primary phloem fibers surrounded the entire vascular bundle, they form a bundle sheath (Figure 2.3.2.6).
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Figure 2.3.2.6: A vascular bundle in the stem of corn (Zea mays) at 400X magnification. The protoxylem vessel element matured
prior to the metaxylem vessel elements of the xylem. At maturity, the protoxylem vessel breaks, leaving an air space. The sieve-
tube elements and companion cells form the phloem. The bundle sheath consists of primary phloem fibers (sclerenchyma fibers)
that surround the vascular bundle. Image labeled from Berkshire Community College Bioscience Image Library (public domain)

Vascular bundles connect leaves and stems. The strands of vascular tissue that connect the leaves to the stem are called leaf traces.
Just above leaf traces are portions of stem without vascular tissue called leaf trace gaps. Similarly, branch traces connect axillary

shoots to the main stem, leaving branch trace gaps just above them (Figure 2.3.2.7 — 8).

Branch trace gap

Branch trace

Leaf trace gap

Leaf trace

Figure 2.3.2.7: The purple cylinder represents the vascular tissue in a stem. Vascular tissue leaves the stem to enter the leaf, forming
a leaf trace. The space without vascular tissue just above the leaf trace is the leaf trace gap. The branch trace likewise produces a

branch trace gap. Image by Melissa Ha (CC-BY).
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Figure 2.3.2.8: A longitudinal section of a Coleus shoot tip. The leaf trace gaps are spaces without vascular tissue just above the
leaf traces, which are strands of vascular tissue moving from the stem to the leaf. The three tissue system in this stem are
represented by the epidermis (outer layer of dermal tissue, not labeled), pith and cortex (ground tissue), and vascular tissue between
the pith and cortex. At the upper tip is the shoot apical meristem. Youong leaves (leaf primordia) emerge from either side. Axillary
buds emerge just above where each leaf or leaf primordium meets the stem. Image by Melissa Ha (CC-BY).

Attributions
Curated and authored by Melissa Ha from the following sources:

e From 5.4: The Stem from Introduction to Botany by Alexey Shipunov (public domain)
o From 30.2 Stems from Biology 2e by OpenStax (licensed CC-BY)

This page titled 2.3.2: Internal Anatomy of the Primary Stem is shared under a CC BY-SA 4.0 license and was authored, remixed, and/or curated
by Tom Buckley.

e 3.3.2: Internal Anatomy of the Primary Stem by Melissa Ha, Maria Morrow, & Kammy Algiers is licensed CC BY-SA 4.0.
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2.3.3: Secondary Stem

4b Learning Objectives

o Compare the origin and function of the vascular cambium and cork cambium.
o Define bark and distinguish between inner and outer bark.

o Explain the production of wood and relate this to annual rings.

o Distinguish between heartwood and sapwood.

o Distinguish between softwood and hardwood.

o Identify the external features of winter twigs.

Primary growth occurs as a stem increases in length as a result of cell division in the shoot apical meristem. Secondary growth is
characterized by an increase in thickness or girth of the plant, and is caused by cell division secondary meristems. Herbaceous
plants mostly undergo primary growth, with hardly any secondary growth or increase in thickness. Secondary growth or “wood” is
noticeable in woody plants; it occurs in some eudicots, but occurs very rarely in monocots.

Secondary Meristems (Lateral Meristems)

Two secondary meristems (lateral meristems) are responsible for secondary growth: the vascular cambium and cork cambium
(Figure 2.3.3.1).

Primary growth Secondary growth
Primary Cork
Secondary phloem fibers Cork cambium=—=Periderm
phloem Phelloderm —

Pith

Quter bark

Inner bark

Phloem ray
Vascular
Phloem phloem cambium

Xylem fibers Primary
xylem

Cortex

Secondary

xylem
Figure 2.3.3.1: In woody plants, primary growth (left) is followed by secondary growth (right), which allows the plant stem to
increase in thickness or girth. Secondary vascular tissue is added by the vascular cambium, and the cork cambium generates the
periderm. In the primary stem, vascular bundles surround a central pith. Each vascular bundle has xylem on the inside, phloem on
the outside, and primary phloem fibers external to the phloem. In the secondary stem, the pith, primary xylem, primary phloem
fibers, and cortex remain. The vascular cambium, which is between the primary xylem and primary phloem fibers, has deposited
secondary xylem internally and secondary phloem externally. The periderm is external to the cortex and consists of the phelloderm,
cork cambium, and cork (from inside to outside). All tissue layers external to the vascular cambium form the bark. The cork
cambium and cork form the outer bark, and the inner bark is everything between the vascular cambium and cork cambium.

The vascular cambium produces secondary vascular tissue. The fusiform initials are the cells of the vascular cambium that divide
to produce secondary xylem internally and secondary phloem externally. The ray initials are the cells of the vascular cambium that
produce vascular rays (xylem rays and phloem rays). These are bands of parenchyma that are perpendicular to the concentric
layers of xylem and phloem (Figure 2.3.3.2). They function in storage, producing secondary compounds (molecules used by the

https://bio.libretexts.org/@go/page/150445


https://libretexts.org/
https://creativecommons.org/licenses/by-nc/4.0/
https://bio.libretexts.org/@go/page/150445?pdf
https://bio.libretexts.org/Courses/University_of_California_Davis/PLS_002%3A_Botany_and_physiology_of_cultivated_plants/02%3A_Plant_structure/2.03%3A_Stems/2.3.03%3A_Secondary_Stem

LibreTexts*

plant that are not essential parts of metabolism), and transporting materials between the xylem and phloem. As the secondary stem
thickens, the phloem rays thicken externally (becoming wedge-shaped) to accommodate the increasing diameter. While the
vascular cambium is technically only a single layer cell layer, it looks similar to the layers of cells that surround it (that it recently
divided to produce), and this entire region is sometimes called the vascular cambium as a result.
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Figure 2.3.3.2: Cross section of a basswood (Tilia) stem magnified at 400X. The periderm is the outermost layer and has thin, dark
layers. Some appear to be peeling. Within this is the cortex. Next, is are clusters of primary phloem fibers, narrow, thick-walled
sclerenchyma cells, which stained bright pink. Within this is the secondary phloem. It alternates with wedge-shaped phloem rays.
The phloem rays consist of plump, thin-walled parenchyma cells. Within the secondary phloem is the thin vascular cambium,
which divides to produce secondary phloem externally and secondary xylem internally. Next are several thick layers of secondary
xylem, which contain wide, thick-walled vessel elements. There are five concentric layers in the secondary xylem, and each is
annual ring. The inner portion of each annual ring has the widest vessel elements. This is the spring (early) wood. The outer portion
of each annual ring has narrower conducting cells of the summer (late wood). Thin, xylem rays pass through the secondary xylem
like spokes of a wheel. Some align with the phloem rays. Within the secondary xylem is the primary xylem. In the center is the
pith, which contains plump, thin-walled, white parenchyma cells. Image by Melissa Ha (CC-BY-NC).

The vascular cambium arises from stem cells within and between the vascular bundles in some silenosteles and eusteles. Within
vascular bundles, such stem cells (specifically, procambial cells) form the fascicular cambium. In the interfascicular regions
between vascular bundles is interfascicular cambium (Figure 2.3.3.3). The fascicular cambium and interfascicular cambium
ultimately form the vascular cambium. In contrast, the vascular cambium in roots arises from the procambium and pericycle.
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Figure 2.3.3.3: The vascular bundle of a eustele (left) and two vascular bundles with the interfascicular region (pith ray) between

them. The vascular bundle consists of narrow, thick-walled phloem fibers, phloem, residual procambium, and thick-walled xylem.

The interfascicular cambium and fascicular cambium (from the residual procambium) form the vascular cambium. Image by Maria

Morrow (CC-BY).
The cork cambium divides to produce phelloderm internally and cork externally. Together, the phelloderm, cork cambium, and
cork form the periderm, the dermal tissue of the secondary plant body (figure 2.3.3.4). The first cork cambium produced by a stem
arises from the cortex, but subsequent cork cambia are produced by the parenchyma cells of the secondary phloem. (In contrast, the
cork cambium arises from the pericycle in roots.)

Cork Cork cambium

Phelloderm

Figure 2.3.3.4: Cross section of a basswood (Tilia) stem magnified at 400X. The three layers of the periderm are labeled. From
outside to inside they are the cork, cork cambium, and phelloderm. Image by Melissa Ha (CC-BY-NC).
Palm trees, which are monocots, do not have secondary meristems and true wood. Some thickening does occur in a palm but this
happens at the base of the tree, as a result of adventitious roots growing. Palms may also have diffuse secondary growth which is
division and enlargement of some parenchyma cells. These processes do not compensate the overall growth of plant, and palms
frequently are thicker on the top than on the bottom. Another monocot, dragon blood tree (Dracaena), has anomalous secondary
growth, which employs cambium but this cambium does not form the stable ring.

Periderm and Bark

At the end of the secondary stem's first year of growth, the periderm replaces the epidermis, but the cortex and pith are retained. In
contrast, roots that undergo secondary growth do not have piths to begin with, and the cortex is lost during secondary growth. Like
the epidermis, most of the periderm is not permeable to water vapor, carbon dioxide, and gaseous oxygen. This is due to the waxy
suberin that fills the cork cells, which are dead at maturity. However, gas exchange with the environment is possible at lenticels,
elevated regions of the periderm with many intercellular air spaces (Figure 2.3.3.5 — 6). To produce lenticels, some cork cambium
cells divide and grow much faster, which will finally break the periderm open. Woody stems do not do regular gas exchange as
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primary stems do by opening and closing stomata, but woody plants still have leaves with high densities of stomata to regulate gas
exchange.

Figure 2.3.3.5: Lenticels on the bark of this cherry tree enable the woody stem to exchange gases with the surrounding atmosphere.
(credit: Roger Griffith)

| PSS ISR >
Figure 2.3.3.6: A cross section of an elderberry (Sambucus) secondary stem showing a lenticel. (Magnification = 100X). Image by
Berkshire Community College Bioscience Image Library (public domain).

Bark consists of all of the tissue layers external to the vascular cambium. It protects the plant against physical damage and helps
reduce water loss. In a one-year stem from inside to outside, this would be the secondary phloem, primary phloem fibers, cortex,
phelloderm, cork cambium, and cork. The cork cambium divides the inner and outer bark. The inner bark is everything within the
cork cambium. The outer bark is the cork cambium and everything external to it (Figure 2.3.3.7).

A secondary stem ultimately produces multiple layers of periderm. The inner bark in an older stem thus consists of the newest
secondary phloem and the newest phelloderm. Only the conducting phloem of the inner bark contains live cells and transports
materials while the nonconducting phloem of the inner bark contains dead cells that are used for storage. As the secondary stem
ages, the old layers of the secondary phloem are pushed externally and crushed, with the exception of the phloem fibers, which
have thickened cell walls. The outer bark in an older stem would be the newest cork cambium, newest cork, and concentric layers
of old phloem and old periderm. If the multiple periderms form perfect circles, the bark is smooth. More often, multiple periderm
do not overlap evenly, resulting in rough bark with scales.
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Figure 2.3.3.7: A cross section of a Douglas fir trunk reveals outer bark and a thin layer of inner bark. The outer bark has distinct,
wavy stripes, representing concentric periderms. Everything external to the vascular cambium (both the inner and outer bark) form
the bark. The sapwood is the conducting (living) portion of the xylem and is lighter than the heartwood. Each annual ring contains
a band of light early wood and an outer band of dark late wood. Image by Melissa Ha (CC-BY-NC).

Wood (Secondary Xylem)

Wood consists of the secondary xylem produce by the vascular cambium (Figure 2.3.3.8). In contrast to the phloem, old layers of
secondary xylem are retained and are not easily crushed. However, the oldest secondary xylem (close to the center of the secondary
stem) no longer conducts water. This is the heartwood, which stores various compounds and appears darker than the surrounding
wood. To block the flow of water in the heartwood, plants use tylosesvessel element “stoppers”, which also help control winter
functioning of vessels. A tylose forms when a cell wall of parenchyma grows into the tracheary element; they look like bubbles.
The sapwood surrounds the heartwood, is lighter in color, and consists of the conducting xylem, which was more recently
produced (Figure 2.3.3.7).

https://bio.libretexts.org/@go/page/150445



https://libretexts.org/
https://creativecommons.org/licenses/by-nc/4.0/
https://bio.libretexts.org/@go/page/150445?pdf
https://creativecommons.org/licenses/by-nc/4.0/

Li breTexts*

Xylem rays

Transverse surface

Annual rings

Figure 2.3.3.8: Wood can be examined through three different sections. A cross section reveals the transverse surface. In this view,

annual rings are concentric circles, and xylem rays intersect them like the spokes of a wheel. Cutting from the periphery to the

center (like cutting a slice of pie) reveals the radial surface. In this view, the annual rings appear as vertical lines. Cutting along

the outside of the stem (tangential to it) reveals the tangential surface (oblique surface). In this view, annual rings more spaced

apart and unevenly so. Image by Melissa Ha (CC-BY-NC).
In the spring of temperate regions, the vascular cambium produces wide tracheary elements (the conducting cells of the xylem,
either vessel elements or tracheids). These transport large volumes of water, which is abundant due to spring rains. During the
summer, the vascular cambium produces narrow tracheary elements as a result of lower water availability. In the winter, the
vascular cambium's activity is low. It resumes the next spring by again producing the wide tracheary elements of early wood
(spring wood), which distinctly contrast with the adjacent late wood (summer wood) from the previous year. Early wood appears
lighter and is less dense than late wood. Each year of wood production is thus visible in a cross section of a woody stem because it
consists of a light layer and a dark layer. These are called annual rings (tree rings; Figure 2.3.3.9 — 10) and can be used to
determine the age of a tree or branch through the study of dendrochronology. Furthermore, thick annual rings indicate wet years,
and thin annual rings indicate dry years.

of growth. Seasonal changes in weather patterns can also affect the growth rate—note how the rings vary in thickness. (credit:
Adrian Pingstone)
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Figure 2.3.3.10: In this cross section of a two-year-old oak stem, the inner portion of each annual ring contains early wood, which
consists of wide tracheary elements. The outer part of each annual ring contains of late wood, which consists of narrow tracheary
elements. The pith is inside the wood. The vascular cambium is just outside the wood. Next, is the secondary phloem, the phloem

fibers (which consist of narrow, thick-walled cells), and the cortex. Image by Maria Morrow (CC-BY-NC).

Some trees (like oaks, Quercus) have large vessel elements are found primarily in early wood; this pattern is known as ring porous
(Figure 2.3.3.10). Large vessel elements of other trees (like elm, Ulmus) occur more evenly in both early and late wood. This pattern
is known as diffuse porous wood: with large vessel elements in both early and late wood. (Diffuse porous species still produce
annual rings due to differences in tracheid size.) Trees growing in climates without well-expressed seasons, such as the tropical

rainforest, will not make annual rings at all.

Hardwoods are produced by angiosperms and contain both vessel elements and tracheids (figure 2.3.3.10). Softwoods are produced
by conifer trees (in the gymnosperm phylum Coniferophyta) and contain only tracheids (Figure 2.3.3.11). These terms are
misnomers to an extent, however, because hardwoods are not always denser than softwoods. Xylem rays tend to occupy a greater
volume in hardwoods relative to softwoods. Additionally, the arrangement of cells appears more disorderly in hardwoods due to the
large size of vessel elements. Finally, softwoods contain resin ducts (Figure 2.3.3.11), which contain a thick substance (resin)
important in defense and response to injury.

Figure 2.3.3.11: A cross section of a five-year-old pine (Pinus) stem magnified at 400X. The black star marks a resin duct. It is
surrounded by the parenchyma cells that produce resin. Image by Berkshire Community College Bioscience Image Library (public
domain).
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Winter Twigs

Winter deciduous trees and shrubs in temperate regions become dormant in winter. The twigs of these species have the basic
external features of a stem (axillary buds, nodes, etc.), but they are modified to facilitate dormancy in the winter and resumption of
growth in the spring. At the end of a winter twig is the terminal bud, which contains a shoot apex surrounded by protective
structures called bud scales. When the terminal bud resumes growth, the bud scales fall off and leave marks called terminal bud-
scale scars. These form a ring around the twig, marking the winter of each year. Lateral buds are similar in structure to terminal
buds, but they are found at each node. Just below the lateral buds are leaf scars, where the leaves were formerly attached. Within
the leaf scars are bundle scars, marking leaf traces (consisting of vascular bundles) that moved from the stem to the leaf (Figure
2.3.3.12).

Lateral bud

Terminal bud
scale scars

Figure 2.3.3.12: Winter twigs contain terminal buds at the ends and lateral buds at each node. Below each lateral bud is a leaf scar
containing bundle scars. Lenticels are raised portions in the periderm and appear as dots in the bark from a distance. Terminal bud
scale scars resemble rings of indentations around the twig and are formed after a terminal bud resumes growth. Image labeled from
Nikki Harris (CC-BY-NC).
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2.3.4: Stem Modifications

&) Learning Objective

Define and provide examples of the major stem and shoot modifications.

Stems (or entire shoots) of some species deviate in structure and function from a typical stem. These are called stem modifications
(shoot modifications). While leaves are part of the shoot, modifications involving just the leaf are discussed separately (see I.eaf
Modifications).

Rhizomes and stolons are horizontal stems that function in propagation (Figure 2.3.4.1). Rhizomes are belowground stems that
burrow into the ground just below the soil surface. They have short internodes and usually have small, scale-like leaves that are not
photosynthetic. Buds from the axils of the leaves make new branches that will grow to become aboveground shoots. Ginger
(Zingiber) and Johnson grass (Sorghum halepense) form rhizomes. Stolons (runners) are aboveground horizontal shoots, which
sprout and produce a new plants. Compared to rhizomes, stolons have long internodes. Examples include strawberry (Fragaria),
spider plants (Chlorophytum), and Bermuda grass (Cynodon dactylon).

Figure 2.3.4.1: Examples of horizontal stems. Ginger rhizomes are thick and belowground (top), and stolons of this spider plant are

aboveground with long internodes (bottom). Leaves and roots emerge from the end of a stolon, forming a smaller plant. Top image

by Sengai Podhuvan (CC-BY-SA), and bottom image by Eptalon (CC-BY-SA).
Tubers, corms, and bulbs are modified for starch storage. Tubers, such as potatoes, are thick, belowground stems found at the tips
of rhizomes or stolons (figure 2.3.4.2). The “eyes” of potato are actually lateral buds, and the tuber body is comprised of many
parenchyma cells that contain amyloplasts with starch. Corms and bulbs are modified shoots. A corm is a short, thick underground
storage stem with thin scaly leaves (for example, Gladiolus and Crocus; Figure 2.3.4.3; Video 2.3.4.1). A bulb, such as an onion,
differs from a corm in the fact that it stores its nutrients in its fleshy leaves (Figure 2.3.4.3). Lilies and tulips also form bulbs.

Figure 2.3.4.2: Potato tubers are expanded, belowground stems modified for starch storage. Image by pxhere (public domain).
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Figure 2.3.4.3: Both corms (left) and bulbs (right) are shoots modified for starch storage. The Crocosmia corm has a thick,

expanded stem stores starch, and the leaves that surround it are non-photosynthetic and papery. The onion bulb has a relatively

small stem surrounded by thick, fleshy leaves. Left image by JonRichfield (CC-BY-SA), and right image by Amada44 (CC-BY-

SA).
Some plants have sharp, generally narrow projections that function in defense against herbivores. Such structures are called thorns
when they arise from an entire stem. Hawthorn (Crataegus) and Bougainvillea produce thorns. In contrast, prickles form from the
surface tissues (epidermis and cortex) of the stem rather than the whole organ (figure 2.3.4.4). Rose (Rosa) and blackberry (Rubus)
produce prickles. Spines are similar structures derived from leaves (see Leaf Modifications).

Figure 2.3.4.4: Thorns (left) and prickles (right). The thorns of the hawthorn are derived from the whole stem. They arise from
axillary buds in the axils just above the leaves. The sharp projections on the rose stem are technically classified as prickles because
they are derived from only the surface tissues of the stem. Left image by Rasbak (CC-BY-SA), and right image by Ingrid Taylar

(CC-BY).
Tendrils are thin, string-like structures that allow the shoot to attach to other surfaces to access light. Tendrils can be derived from
stems, leaves, or leaflets, and they are common in vines. Morning glory and sweet potato (Ipomoea), grapes (Vitis), and many
members of the cucumber family (Cucurbitaceae) such as cucumbers, pumpkin, and squash have tendrils that arise from stems
(Figure 2.3.4.5).
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Figure 2.3.4.5: The thin, pale tendrils of the wild cucumber plant arise from stems and coil around surrounding structures. Image by

erwin66as (public domain)
Cladophylls (cladodes) are stems that resemble leaves in function and appearance, arise from the axils of a shoot, and have
determinate growth (stop growth after reaching a certain size). They may be cylindrical (Asparagus; Figure 2.3.4.6) or flattened
(butcher's broom, Ruscus; figure 2.3.4.7). Phylloclades are flattened stems that resemble leaves that can continue growing
indeterminately (Figure 2.3.4.8). They are subtended by reduced, scale-like leaves. Examples include prickly pear cactus (Opuntia),
Christmas cactus (Schlumbergera), and ribbon plant, Homalocladium. Phyllodes are similar are similar to cladophylls and
phylloclades, but they are modified petioles (see Leaf Modifications).

A 0 Wi Cy NG ] W &

Figure 2.3.4.6: Cladophylls in Asparagus (left) and actual leaves of young asparagus marked by arrows (right). Left image by
DenesFeri (CC-BY-SA), and right image by Sam Saunders (CC-BY-SA).
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Figure 2.3.4.7: Cladophylls in butchers broom (Ruscus) are flattened like leaves. A flower arises from a node within the cladophyll.
Image by Rosser1954 (CC-BY-SA).

Figure 2.3.4.8: Phylloclades in Christmas cactus. Image by Mokkie (CC-BY-SA).

Some shoots are modified as insect traps are used by some carnivorous plants, such as bladderwort (Utricularia; Video 2.3.4.1).

Video 2.3.4.1: This video shows a waterflea caught in a bladderwort insect trap. This video has no sound. Here is a description of
what occurs during the video: Bladderwort and water fleas. Taken through a Leica microscope 60X objective- standard microscope
lighting. The water fleas are tiny crustaceans, and they are swimming around in slow motion. At 3:50, one water flea is about to get
caught. It swims into the cup-shaped leaf and escapes. A slow-motion replay of that moment shows the leaf close around the water
flea temporarily before it escapes.
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2.3.5: Chapter Summary

The stem of a plant bears leaves, flowers, and fruits. Stems are characterized by the presence of nodes (the points of attachment for
leaves or branches) and internodes (regions between nodes).

All three tissue systems can be found in stems. In the primary stem, dermal tissue is represented by the epidermis, the outer
covering of the plant. The cortex and pith (if present) represent ground tissue, and vascular tissue is found in the vascular cylinder
or vascular bundles. Vascular tissue may be arranged in a continuous ring (silenostele), in vascular bundles forming a ring
(eustele), or in scattered vascular bundles (ataktostele).

Primary growth occurs at the tips of roots and shoots, causing an increase in length. Woody plants may also exhibit secondary
growth, or increase in thickness. Secondary meristems (lateral meristems) are responsible for secondary growth. The vascular
cambium produces secondary phloem externally and secondary xylem internally, and the cork cambium produces cork externally
and phelloderm internally. The cork, cork cambium, and phelloderm form the periderm, the secondary dermal tissue. Bark
consists of all the tissue layers external to the vascular cambium, and woed consists of secondary xylem. Annual rings in wood
reflect differences in growth due to changing water availability throughout the year.

Some plant species have modified stems or modified shoots that help to propagate new plants, store food, or deter herbivores.
Examples of such modifications are rhizomes, stolons, tubers, corms, bulbs, tendrils, and thorns.

X After completing this chapter, you should be able to...

o Identify the main external structures of the shoot system, including the nodes, internodes, leaves, axillary buds, and axillary
shoots.

o Identify the structures representing each of the three tissue systems in stems.

o Compare the structure of silenosteles, eusteles, and ataktosteles.

o Explain the arrangement of leaf traces, leaf trace gaps, branch traces, and branch trace gaps.

o Compare the origin and function of the vascular cambium and cork cambium.

e Define bark and distinguish between inner and outer bark.

o Explain the production of wood and relate this to annual rings.

o Distinguish between heartwood and sapwood.

o Distinguish between softwood and hardwood.

o Identify the external features of winter twigs.

e Define and provide examples of the major stem and shoot modifications.
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