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Starting with the 2024 AP Biology Exam, your students will see a layout for the free-
response questions (FRQs) that’s different from prior exams. The new format will make the
FRQs easier to read.

Here's what’s changing:
¢ The stimulus material for the two long FRQs will be broken down into smaller segments.

* In some cases, the segments of stimulus material will remain at the top of the page, ahead
of the questions that students must answer.

* In other cases, the segments of stimulus material will be embedded as part of the question
that students must answer.

¢ The stimulus material for the four short FRQs will also follow this layout when the material
is particularly long.
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AP® BIOLOGY EQUATIONS AND FORMULAS

Statistical Analysis and Probability
Mean Standard Deviation X = sample mean
T = li""i (- Zlx, - x)° n = sample size
= n—1 o
s = sample standard deviation (i.e., the sample-based
Standard Error of the Mean Chi-Square estimate of the standard deviation of the
. —q_{ )3 population)
5E; == 2 _ 0—¢
Vi z Z e o = observed results
Chi-Square Table ¢ = expected results
P Degrees of Freedom
value I 5 3 A 5 6 7 2 Z =sum of all
0.05 384 500 7.81 949 [ 11.07 1259 | 14.07 | 1551 Degrees of freedom are equal to the number of
001 | 663 | 921 | 1134 | 1328 | 1509 | 1681 | 1848 | 20.09 distinct possible outcomes minus one.
Laws of Probability Metric Prefixes
If A and B are mutually exclusive, then: Factor Prefix Svmbol
PlAorB)=P(A)+ P(B) .
109 giga G
If A and B are independent, then: 106 mega M
FP(Aand B) = P{A) x P(B) 103 kilo k
-1 :
Hardv-Weinberg Equations 10 deci d
) 10-2 centi C
P+ 2pg+gi=1 p = frequency of allele 1 in a 10-3 milli n
population 10-% micro
p+g=1 i
g = frequency of allele 2 ina 10-9 nano n
population 10-12 pico p

Mode = value that occurs most frequently in a data set
Median = middle value that separates the greater and lesser halves of a data set
Mean = sum of all data points divided by number of data points

Range = value obtained by subtracting the smallest observation (sample minimum) from the greatest (sample maximum)




Rate and Growth

Rate d¥ = amount of change
dy i = change in time
dt

B = birth rate

Population Growth D = death rate

dN

dr B-D N = population size
Exponential Growth K = carrying capacity

AN e = Maximum per capita
ar M growth rate of population

Logistic Growth
dN K-N
= I'.I'.l.l.!f.'li.'|lr ( )

dr K

Simpson's Diversity Index
Diversity Index = 1 - E(%}_
n = total number of organisms of a particular species

N = total number of organisms of all species

Water Potential ( 'V )

Y=Y +%

¥'p= pressure potential

¥¢ = solute potential

The water potential will be equal to the
solute potential of a solution in an open
container because the pressure potential of

the solution in an open container is zero.

The Solute Potential of a Solution

W = —iCRT

i = ionization constant { 1.0 for sucrose
because sucrose does not ionize in
water)

C = molar concentration

R = pressure constant
(R =0.0831 liter bars/mole K)

T =temperature in Kelvin (°C + 273)

pH = - log[ H*]

Surface Area and Volome

Surface Area of a Sphere Volume of a Sphere

: 2
SA = 4xr - % .

Surface Area of a Rectangular

Yolume of a Rectangular Solid

Solid
S4 = 21h + 2w + 2wh

Vo= lwh

Volume of a Cylinder

Surface Area of a Cylinder Vo= orih

2

5S4 =2xrh + 2xr
Volume of a Cube

V=g

Surface Area of a Cube
§4 = 6s°

r= radius

[ = length

h = height

w = width

5 = length of one
side of a
cube

SA = surface area

V = volume




AP® Biology 2021 Free-Response Questions

BIOLOGY
SECTION I
Time—1 hour and 30 minutes

6 Questions

Directions: Questions 1 and 2 are long free-response questions that require about 25 minutes each to answer.
Questions 3 through 6 are short free-response questions that require about 10 minutes each to answer.

Read each question carefully and completely. Answers must be written out in paragraph form. Outlines, bulleted
lists, or diagrams alone are not acceptable.

You may plan your answers in this orange booklet, but no credit will be given for anything written in this booklet.
You will only earn credit for what you write in the separate Free Response booklet.

Question 1 is on the following page.
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Polycystic kidney disease (PKD) is an inherited disease that causes water loss from the body and affects cell
division in the kidneys. Because water movement across cell membranes is related to ion movement,
scientists investigated the role of the Na+/K+ATPase (also known as the sodium/potassium pump) in this
disease. Ouabain, a steroid hormone, binds to the Na+/K+ATPase in plasma membranes.

(a)
(i) Describe the characteristics of the plasma membrane that prevent simple diffusion of Na* and K*
across the membrane.

(ii) Explain why ATP is required for the activity of the Na*/ K*ATPase.

Individuals with PKD have a genetic mutation that results in an increased binding of ouabain to the
Na+/K+ATPase. The scientists treated normal human kidney (NHK) cells and PKD cells with increasing
concentrations of ouabain and measured the number of cells (Figure 1) and the activity of the Na+ /
K+ATPase (Figure 2) after a period of time. The scientists hypothesized that a signal transduction pathway
that includes the protein kinases MEK and ERK (Figure 3) may play a role in PKD symptoms.
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Figure 1. Cell number compared with the number of

cells at 0 pM ouabamn. Normal human kidney (NHK) | Figure 2. Percent Na' /K ATPase activity of NHK and

cells and polycystic kidney disease (PKD) cells were PED cells treated with increasing concentrations of
treated with increasing concentrations of ouabain. Error | guabain. Error bars represent +2SE ..

bars represent +25E .

(b)

(i) Identify a dependent variable in the experiment represented in Figure 1.
(i) Justify the use of normal human kidney (NHK) cells as a control in the experiments.

(iii) Justify the use of a range of ouabain concentrations in the experiment represented in Figure 1.

© 2024 College Board.
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(©)

(i) Based on the data shown in Figure 2, describe the relationship between the concentration of ouabain
and the Na* /K" ATPase activity both in normal human kidney (NHK) cells AND in PKD cells.
(i) The scientists determined that Na*/ K*ATPase activity in PKD cells treated with 1 pM ouabain is

150 units of ATP hydrolyzed/sec. Calculate the expected Na* / K*ATPase activity (units/sec) in PKD
cells treated with 10° pM ouabain.

The scientists hypothesized that a signal transduction pathway that includes the protein kinases MEK and ERK
(Figure 3) may play a role in PKD symptoms.

Bound Ouabain

Na*/K* ATPase
Plasma Membrane

N\
@D - G
@ L o@D

Nuclear Envelope

DNA 2000000K

;

Transcription of Target Genes

Figure 3. Signal transduction pathway hypothesized to play a role in the increased humber of PKD cells

In a third experiment, the scientists added an inhibitor of phosphorylated MEK (pMEK) to the PKD cells
exposed to 10* pM ouabain.

(d)

(i) Based on Figure 3, predict the change in the relative ratio of ERK to pERK in ouabain-treated PKD
cells with the inhibitor compared with ouabain-treated PKD cells without the inhibitor. Provide
reasoning to justify your prediction.

(ii) Using the data in Figure 1 AND the signal transduction pathway represented in Figure 3, explain
how the concentration of cyclin proteins may increase in PKD cells treated with 10* pM ouabain.

Write your responses to this question only on the designated pages in the separate Free Response booklet.
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2. Geneticists investigated the mode of inheritance of a rare disorder that alters glucose metabolism and first
shows symptoms in adulthood. The disorder alters glucose metabolism.

(@)

(i) Describe the atoms AND types of bonds in a glucose molecule.

TABLE 1. AVERAGE BLOOD GLUCOSE LEVELS OF INDIVIDUALS IN GENERATION IV

Individual Average Blood Glucose Level (mg/dL + 2SEy)
V-1 170+ 15
V-2 190 + 10
V-3 145+ 5
V-4 165+ 15
V-5 110 £ 15
V-6 125+ 5
V-7 105+ 15
V-8 120 + 10

TABLE 2. PHENOTYPIC CLASSIFICATIONS BASED ON BLOOD GLUCOSE LEVELS

Blood Glucose Level
Phenotype (mg/d L)

Atrisk | 140 — 199 mg/dL

Affected 2 200 mg/dL

(b)

(i) Using the template in the space provided for your response, construct an appropriately labeled graph
based on the data in Table 1.

(ii) Determine one individual who is both at risk of developing the disorder and has a significantly
different blood glucose level from that of individual IV-1.

© 2024 College Board.
Visit College Board on the web: collegeboard.org.
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The geneticists studied a family in which some individuals of generations Il and I11 are known to have the
disorder. Based on the pedigree (Figure 1), the geneticists concluded that the disorder arose in individual
[I-2 and was caused by a mutation in mitochondrial DNA.

I
1 2
11
1 2 3 4 5 6

" 2090

O Female without disorder . Female with disorder @ Female with unknown phenotype
[] Male without disorder  [J§ Male with disorder Male with unknown phenotype

Figure 1. Pedigree of a family showing individuals with the glucose metabolism disorder. A question mark
indicates that the phenotype is unknown.

(©

(i) Based on the pedigree, identify all individuals in generation 1V who can pass on the mutation to
their children.

(d)

(i) Based on the fact that individual 11-2 is affected, a student claims that the disorder is inherited in an X-linked
recessive pattern.

(ii) Based on the student’s claim, predict which individuals of generation Il will be affected by the
disorder.

(iii) Based on the pedigree, justify why the data do NOT support the student’s claim.

Write your responses to this question only on the designated pages in the separate Free Response booklet.
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3. Researchers hypothesize that the plant compound resveratrol improves mitochondrial function. To test this
hypothesis, researchers dissolve resveratrol in dimethyl sulfoxide (DMSO). The solution readily passes
through cell membranes. They add the resveratrol solution to mammalian muscle cells growing in a
nutrient-rich solution (culture medium) that contains glucose. They measure ATP production at several time
points after the addition of the resveratrol solution and find an increase in ATP production by the muscle cells.

(a) Describe the primary advantage for a mammalian muscle cell in using aerobic respiration over fermentation.

(b) Identify an appropriate negative control for this experiment that would allow the researchers to conclude
that ATP is produced in response to the resveratrol treatment.

(c) Predict the effect on short-term ATP production when resveratrol-treated mammalian muscle cells are
grown in a culture medium that lacks glucose or other sugars.

(d) The researchers find that resveratrol stimulates the production of components of the electron transport
chain. The researchers claim that treatment with resveratrol will also increase oxygen consumption by the
cells if glucose is not limiting. Justify the claim.

Write your responses to this question only on the designated pages in the separate Free Response booklet.
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4. In 1981 a single immature male Geospiza conirostris finch flew more than 100 kilometers from the Galapagos
island of Espafiola to the Galapagos island of Daphne Major, where no G. conirostris finches were living. The
immigrant finch bred with a female G. fortis, a species of finch common on Daphne Major. The F; finches and
later generations interbred only within their lineage. By 2012 scientists counted 23 individuals, including eight
breeding pairs, within this hybrid lineage on Daphne Major. The hybrid lineage became known as Big Bird.

Birds with different beak shapes and sizes eat different types of food. The dimensions of the Big Bird beaks
relative to the beaks of the major competitor finch species on Daphne Major are shown in Figure 1.
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< G. magnirostris P >~
o Big Bird T2=2
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Beak Length (mm)

Figure 1. The dimensions of the beaks of the Big Bird lineage and of its major competitor species in 2012 on
Daphne Major. Each symbol represents the beak dimensions of a single bird.

(a) The Big Bird lineage became reproductively isolated from G. fortis. Describe one prezygotic mechanism
that likely contributed to the reproductive isolation of the Big Bird lineage from G. fortis.

(b) Based on the data in Figure 1, explain why the Big Bird population has been able to survive and reproduce

on Daphne Major.

(c) A virus infects and Kills all G. magnirostris on Daphne Major but does not affect the other finch species.
Assuming food type and availability stay the same, predict the most likely change in the beak phenotype of

the Big Bird population after six more generations.

(d) Provide reasoning to justify your prediction in part (c).

Write your responses to this question only on the designated pages in the separate Free Response booklet.
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5. Annual plants complete their life cycle, including germination, seed production, and death, within one year.
Ambrosia trifida (giant ragweed) is an annual plant that readily colonizes any land that has had a disturbance
such as plowing. The plant is considered an invasive species in regions outside of its native range. In a
particular region, the seeds of A. trifida germinate from early March through the end of the summer, while the
seeds of other annual plants require warmer soil temperatures and thus germinate from late April through the
end of the summer.

Researchers studied the influence of A. trifida on the biodiversity of other annual plant species that grow in the
same field. In early spring, the researchers marked off identical plots of land in a field that had been plowed the
previous fall and not replanted with new crops. All plants that grew on one half of the plots were left untouched
(Figure 1A), while all germinating A. trifida seedlings were removed from the other half of the plots
throughout the spring and summer (Figure 1B). In late summer, the researchers counted and identified all
plants that grew in the plots. The distribution of plants is represented by the symbols in Figures 1A and 1B.

A B
O
X X o U
X 0
A
A
* % O O
Ay 0
X
X A O
X X A
X A. trifida
O
A > Other annual plant species
O

Figure 1. Representations of plant identity and distribution in experimental plots in late summer. Each box
represents one typical experimental plot, and each symbol represents 10 individual plants.

(a) Describe a cause of logistic growth of the ragweed population.

(b) Based on the representation in Figure 1, explain why the scientists claim that plot B would be more
resilient than plot A in response to a sudden environmental change.

In a third group of plots, the researchers removed all seedlings of all plants that germinated before
June 1. All plants that germinated after June 1 were left untouched.

(©)

(i) Using the template in the space provided for your response and the symbols shown in Figure 1,
represent the expected plant species that would be found in this third group of plots three
months later. Draw no more than 12 symbols. Assume all other environmental conditions are
the same as for the initial study described.

(d) Explain how an invasive species such as ragweed affects ecosystem biodiversity, as illustrated in Figure 1.

Write your responses to this question only on the designated pages in the separate Free Response booklet.
© 2024 College Board.
Visit College Board on the web: collegeboard.org.
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6. The small invertebrate krill species Thysanoessa inermis is adapted to cold (4°C) seawater. Over the past ten
years, there has been a gradual increase in the water temperature of the krill’s habitat. A sustained increase in
water temperature may ultimately affect the ability of the krill to survive.

One effect of higher temperatures is protein misfolding within cells. Krill have several hsp genes that code for
heat-shock proteins (HSPs). These proteins help prevent protein misfolding or help to refold proteins to their
normal shapes.

Scientists conducted experiments on T. inermis to detect changes in the expression of hsp genes when the krill
were exposed to temperatures above 4°C. An experimental group of krill was maintained in tanks with 4°C
seawater and then placed into tanks with 10°C seawater for approximately three hours. The krill were then
given a six-hour recovery period in the 4°C seawater tanks. A control group of krill was moved from a tank of
4°C seawater to another tank of 4°C seawater for approximately three hours and then returned to the original
tank. The scientists analyzed hsp gene expression by measuring the concentrations of three mRNAs (1, 11, 111)
transcribed from certain hsp genes in both the heat-shocked krill (Figure 1) and the control krill. For the
control krill, no transcription of the hsp genes was detected throughout the test period (data not shown).

3 30
g; 4°C | 10°C i 4°C |
£ 25+
=
g
g 201
=1
8 -4-mRNA I
§ 15 -~ mRNA I
: —o— mRNA I
Z 10+
Z 10
=
2 57
2
< 0 g z =oz ‘

o 1 2 3 4 5 6 7 8 9 10 11 12

Time (hours)
Figure 1. Average concentration of three mRNAs (I, I1, 111) transcribed from hsp genes in krill heat shocked at

10°C. Error bars represent +2SE,,.

(a) Identify the hsp mMRNA that has the slowest rate of concentration increase in response to heat-shock
treatment.

(b) Describe the trend in the average concentration of mRNA | throughout the experiment.

(c) The scientists hypothesized that the heat-shock protein (HSP) translated from mRNA | plays a greater role
in refolding proteins than does the HSP translated from mRNA 11. Use the data to support the hypothesis.

(d) mRNAs | and Il are transcribed from the same gene. Explain how a cell can produce two different
MRNAs from the same gene.

Write your responses to this question only on the designated pages in the separate Free Response booklet.
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STOP

END OF EXAM
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AP® BIOLOGY EQUATIONS AND FORMULAS

Statistical Analysis and Probability
Mean Standard Deviation X = sample mean
T = li""i (- Zlx, - x)° n = sample size
= n—1 o
s = sample standard deviation (i.e., the sample-based
Standard Error of the Mean Chi-Square estimate of the standard deviation of the
. —q_{ )3 population)
5E; == 2 _ 0—¢
Vi z Z e o = observed results
Chi-Square Table ¢ = expected results
P Degrees of Freedom
value I 5 3 A 5 6 7 2 Z =sum of all
0.05 384 500 7.81 949 [ 11.07 1259 | 14.07 | 1551 Degrees of freedom are equal to the number of
001 | 663 | 921 | 1134 | 1328 | 1509 | 1681 | 1848 | 20.09 distinct possible outcomes minus one.
Laws of Probability Metric Prefixes
If A and B are mutually exclusive, then: Factor Prefix Svmbol
PlAorB)=P(A)+ P(B) .
109 giga G
If A and B are independent, then: 106 mega M
FP(Aand B) = P{A) x P(B) 103 kilo k
-1 :
Hardv-Weinberg Equations 10 deci d
) 10-2 centi C
P+ 2pg+gi=1 p = frequency of allele 1 in a 10-3 milli n
population 10-% micro
p+g=1 i
g = frequency of allele 2 ina 10-9 nano n
population 10-12 pico p

Mode = value that occurs most frequently in a data set
Median = middle value that separates the greater and lesser halves of a data set
Mean = sum of all data points divided by number of data points

Range = value obtained by subtracting the smallest observation (sample minimum) from the greatest (sample maximum)




Rate and Growth

Rate d¥ = amount of change
day di = change in time
dt ,

B = birth rate

Population Growth D = death rate

dN

dr B-D N = population size
Exponential Growth K'= carrying capacity

AN Fax = Maximum per capita
dr Fnax crowth rate of population

Logistic Growth
dN K-N
e (E2)

dr K

Simpson’s Diversity Index
Diversity Index = 1 - E(%J_
n = total number of organisms of a particular species

N = total number of organisms of all species

Water Potential ( V' )

=", +"¥

¥'p = pressure potential

¥ = solute potential

The water potential will be equal to the
solute potential of a solution in an open
container because the pressure potential of

the solution in an open container is zero.

The Solute Potential of a Solution

¥ = —iCRT

i = ionization constant { 1.0 for sucrose
because sucrose does not ionize in
water)

C = molar concentration

R = pressure constant
(R =0.0831 liter bars/mole K)

T =temperature in Kelvin (°C + 273)

pH = — log[ H*]

Surface Area and Volume

Surface Area of a Sphere Volume of a Sphere

: 3
SA = 4xr V= % o

Surface Area of a Rectangular

Volume of a Rectangular Solid

Solid V = iwh
S4 = 2ih + 2w + 2wh

Volume of a Cylinder

Surface Area of a Cylinder
2

V= arth
5S4 =2xrh + 2nr
Yolume of a Cube

V=g

Surface Area of a Cube
SA4 = 6s”

r = radius

! = length

h = height

w = width

5 = length of one
side of a
cube

5S4 = surface area

V =volume
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BIOLOGY
SECTION 11
Time—1 hour and 30 minutes

6 Questions

Directions: Questions 1 and 2 are long free-response questions that require about 25 minutes each to answer.
Questions 3 through 6 are short free-response questions that require about 10 minutes each to answer.

Read each question carefully and completely. Answers must be written out in paragraph form. Outlines, bulleted
lists, or diagrams alone are not acceptable.

You may plan your answers in this orange booklet, but no credit will be given for anything written in this booklet.
You will only earn credit for what you write in the separate Free Response booklet.

Question 1 is on the following page.
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1. Individuals infected with the bacterium Vibrio cholerae experience severe loss of water from the body
(dehydration). This is due to the effects of the bacterial cholera toxin that enters intestinal cells.

(a)
(i) Describe one characteristic of a membrane that requires a channel be present for chloride ions to
passively cross the membrane.

(i) Explain why the movement of chloride ions out of intestinal cells leads to water loss.

Scientists studied the effects of cholera toxin on four samples of isolated intestinal cell membranes containing
the G protein-related signal transduction components shown in Figure 1. GTP was added to samples II and
IV only; cholera toxin was added to samples III and IV only. The scientists then measured the amount of
cAMP produced by the adenylyl cyclase in each sample (Table 1).

TABLE 1. AMOUNT OF cAMP PRODUCED FROM INTESTINAL CELL MEMBRANES IN THE
ABSENCE OR PRESENCE OF CHOLERA TOXIN
Rate of cAMP Production

Sample | GTP | Cholera Toxin| (pmol per mg adenylyl
cyclase per min)

I - - 0.5
I + - 10.0
I - + 0.5
v + + 127.0

present, +; absent,

(b)

(i) Identify an independent variable in the experiment.
(i) Identify a negative control in the experiment.

(ii1) Justify why the scientists included Sample III as a control treatment in the experiment.

© 2024 College Board.
Visit College Board on the web: collegeboard.org.
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The binding of an extracellular ligand to a G protein-coupled receptor in the plasma membrane of a cell
triggers intracellular signaling (Figure 1, A). After ligand binding, GTP replaces the GDP that is bound to
Gsa, a subunit of the G protein (Figure 1, B). This causes Gsa to activate other cellular proteins, including
adenylyl cyclase that converts ATP to cyclic AMP (cAMP). The cAMP activates protein kinases

(Figure 1, C). In cells that line the small intestine, a cAMP-activated protein kinase causes further signaling
that ultimately results in the secretion of chloride ions (CI ) from the cells. Under normal conditions, Gsa
hydrolyzes GTP to GDP, thus inactivating adenylyl cyclase and stopping the signal (Figure 1, A).

GTP
Adenylyl Cyclase "

(Inactive) <\
® .
2 Q7

Plasma

Extracellular Membrane
Ligand o
} G Protein G Protein
GDP_ (Inactive) (Active)
[ J
}_z.- Adenylyl Cyclase
& (Active)
GTP
ATP cAMP

Protein Kinase Protein Kinase
(Inactive) (Active)
CI~ Secretion by Cell

Figure 1. Under normal conditions, ligand binding to a G protein-coupled
receptor results in chloride ion transport from an intestinal cell.

()
(i) Based on the data, describe the effect of cholera toxin on the synthesis of cAMP.

(i) Calculate the percent change in the rate of cAMP production due to the presence of cholera toxin in
sample IV compared with sample II.

A drug is designed to bind to cholera toxin before it crosses the intestinal cell membrane. Scientists mix the
drug with cholera toxin and then add this mixture and GTP to a sample of intestinal cell membranes.

(d)

(i) Predict the rate of cAMP production in pmol per mg adenylyl cyclase per min if the drug binds to all
of the toxin. In a separate experiment, scientists engineer a mutant adenylyl cyclase that cannot be
activated by Gsa.

(i) The scientists claim that cholera toxin will not cause excessive water loss from whole intestinal cells
that contain the mutant adenylyl cyclase. Justify this claim.

Write your responses to this question only on the designated pages in the separate Free Response booklet.
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2. During meiosis, double-strand breaks occur in chromatids. The double-strand breaks occur along the DNA
backbone.

(a)

(i) Describe the process by which the double-stranded breaks occur.

The breaks are either repaired by the exchange of genetic material between homologous nonsister chromatids,
which is the process known as crossing over (Figure 1A), or they are simply repaired without any crossing
over (Figure 1B). Plant breeders developing new varieties of corn are interested in determining whether, in
corn, a correlation exists between the number of meiotic double-strand chromatid breaks and the number of
Crossovers.

Figure 1. Double-strand breaks in chromatids are
repaired with crossing over (A) or without crossing
over (B).

Using specialized staining and microscopy techniques, scientists counted the number of double-strand
chromatid breaks and the number of crossovers in the same number of meiotic gamete-forming cells of six
inbred strains of corn (Table 1).

TABLE 1. NUMBER OF CHROMATID DOUBLE-STRAND BREAKS AND AVERAGE NUMBER OF
CROSSOVERS IN INBRED STRAINS OF CORN

) Number of Average Number of
Strain of Comn Double-Strand Breaks | Crossovers ( + 2SE.)
I 710 19.5+0.5
i 650 18.0 £ 0.7
I 600 17.5+ 1.0
v 510 16.0+ 1.0
v 425 14.0 £ 0.5
VI 325 11.0+1.5

© 2024 College Board.
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(b)

(1) Using the template in the space provided for your response, construct an appropriately labeled graph
that represents the data in Table 1 and allows examination of a possible correlation between double-
strand breaks and crossovers.

(i) Based on the data, determine whether corn strains I, II, and III differ in their average number of
CrOSSOVErs.

(c)

(1) Based on the data, describe the relationship between the average number of double-strand breaks and
the average number of crossovers in the strains of corn analyzed in the experiment.

Crossing over (Figure 1A) creates physical connections that are required for proper separation of homologous
chromosomes during meiosis. A diploid cell with four pairs of homologous chromosomes undergoes meiosis
to produce four haploid cells. Crossing over occurs between only three of the pairs.

(d)
(1) Predict the number of chromosomes most likely present in each of the four haploid cells.
(i1) Provide reasoning to justify your prediction.

(ii1) Explain how plant breeders can use the information in Table 1 to help develop new varieties of corn.

Write your responses to this question only on the designated pages in the separate Free Response booklet.
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3. Fireflies emit light when the enzyme luciferase catalyzes a reaction in which its substrate, D-luciferin, reacts to
form oxyluciferin and other products (Figure 1). In order to determine the optimal temperature for this enzyme,
scientists added ATP to a solution containing D-luciferin, luciferase, and other substances needed for the
reaction. They then measured the amount of light emitted during the first three seconds of the reaction when it
was carried out at different temperatures.

Lucif
D-Luciferin + O, + ATP ————“° . Oxyluciferin + CO, + AMP + PP, + Light

Figure 1. Light is emitted as a result of the reaction catalyzed by luciferase.

(a) Describe a characteristic of the luciferase enzyme that allows it to catalyze the reaction.
(b) Identify the dependent variable in the experiment.
(c) State the null hypothesis for the experiment.

(d) A student claims that, as temperature increases, there will be an increase in the amount of light given off by the
reaction in the first three seconds. Support the student’s claim.

Write your responses to this question only on the designated pages in the separate Free Response booklet.
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4. Existing isolated brook trout populations in Newfoundland, Canada, were once part of a larger population that
was fragmented at the end of the most recent glaciation period about 10,000 to 12,000 years ago. Researchers
investigated 14 naturally separated stream populations of brook trout. They found that the populations are all
genetically distinct and show differences in morphology.

(a) Describe the prezygotic barrier that results in these genetically distinct populations.

(b) Brook trout with longer fins are able to swim faster than brook trout with shorter fins. In one of the
Newfoundland streams, the main prey of the brook trout evolved to move faster. For brook trout living in
this stream, explain the difference in fitness between longer-finned individuals and shorter-finned
individuals.

(¢) If two morphologically and behaviorally distinct populations of brook trout remain isolated for many
generations, predict the likely impact on both populations.

(d) Researchers claim that there are more genetic differences between any two current brook trout populations
than there are between any single current population and the ancestral brook trout population from which all
the trout are descended. Provide reasoning to justify their claim.

Write your responses to this question only on the designated pages in the separate Free Response booklet.

© 2024 College Board.
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5. The following models represent all the interacting species in two different communities with some of the same
species and feeding relationships. These models assume that both communities have the same initial biomass.
The models can be used to understand the effects of human activities on the communities.

Community A Community B
Tertiary Consumers (TC) TC2
VaAVAN
Secondary Consumers (SC) SC2

AVAVAN

Primary Consumers (PC) PC PC2 PC3 PC3
AN/ /N

Primary Producers (PP) PP3

Figure 1. Models of two different communities with some of the same species

(a) Describe a characteristic of a community that makes a species invasive in that community but not invasive
in a different community.

(b) Explain why removing species PP1 will have a greater effect on community B than on community A.

(¢) An invasive species (INV) that eats individuals of species SC2 is introduced into community B. Using the
template in the space provided for your response, for community B, indicate the feeding relationship for this
invasive species by correctly placing INV to represent the invasive species and an arrow to represent the
feeding relationship within community B.

(d) Explain how human activities that add toxins to the soil could change a community with many species at
each trophic level, such as community A, into a community with few species at each trophic level, such as
community B.

Write your responses to this question only on the designated pages in the separate Free Response booklet.
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6. Researchers are studying the use of RNA vaccines to protect individuals against certain diseases. To develop
the vaccines, particular cells are first removed from an individual. Then mRNAs coding for specific proteins
from a pathogen are introduced into the cells. The altered cells are injected back into the individual, where the
cells make the proteins encoded by the introduced mRNAs. The individual then produces an immune response
to the proteins that will help to protect the individual from developing a disease if exposed to the pathogen in
the future.

When introduced into cells, the mRNAs used for vaccines must be stable so that they are not degraded before
the encoded proteins are produced. Researchers developed several modified caps that they hypothesized might
make the introduced mRNAs more stable than mRNAs with the normal GTP cap. To test the effect of the
modified caps, the researchers produced mRNAs that differed only in their cap structure (no cap, the normal
cap, or modified caps I, II, or III). They introduced the same amount of each mRNA to different groups of
cells and measured the amount of time required for half of the mRNAs to degrade (mRNA half-life) and the
total amount of protein translated from the mRNAs (Table 1).

TABLE 1. EFFECT OF mRNA CAP STRUCTURE ON mRNA HALF-LIFE AND PROTEIN TRANSLATED
FROM THE INTRODUCED mRNA

A Half-Life 43S Total Amount of Protein
5 Cap Structure T}RN I;Ia _'Ll ed_ _E* Translated from
(hours aiter introduction mRNA +2SE . (relative to
into cells) .
amount in normal cap)

Normal GTP cap 16.10+ 1.83 1.000 + 0.007

Modified cap I 15.50 £ 1.57 4.777 £ 0.042
Modified cap 11 27.00 £ 2.85 13.094 £ 0.307
Modified cap III 18.09 + 0.81 6.570 £ 0.075

(a) Based on the data, identify which cap structure is most likely to protect the end of the mRNAs from
degradation.

(b) Based on the data for the mRNAs with modified caps, describe the relationship between the mRNA
half-life and the total amount of protein produced.

(c) After examining the data on mRNA half-lives and the amount of protein produced, the researchers
hypothesized that each mRNA molecule with modified cap I was translated more frequently than was each
mRNA molecule with the normal GTP cap. Evaluate their hypothesis by comparing the data in Table 1.

(d) Introduction of mRNAs into cells allows the cells to produce foreign proteins that they might not normally
produce. Explain why the production of a foreign protein may be more likely from the introduction of
mRNA than DNA into cells.

Write your responses to this question only on the designated pages in the separate Free Response booklet.
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STOP

END OF EXAM
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AP® BIOLOGY EQUATIONS AND FORMULAS

Statistical Analysis and Probability

Mean Standard Deviation
ir A(Xj - %)
X = n A s=\"ho1
i=1
Standard Error of the Mean Chi-Square
SE = S 2 (0 - e)?
Chi-Square Table
p Degrees of Freedom
value | 2 3 4 5 6 7 8

0.05 3.84 5.99 7.81 949 | 11.07 | 1259 | 14.07 | 1551

0.01 6.63 921 | 1134 | 1328 | 15.09 | 16.81 | 18.48 | 20.09

Laws of Probability

If Aand B are mutually exclusive, then:
P(AorB)=P(A) + P(B)
If A and B are independent, then:
P(Aand B) = P(A) x P(B)

Hardy-Weinberg Equations
p2+2pg+g2=1

p = frequency of allele Lina
population

ptg=1

q =frequency of allele 2ina
population

X =sample mean

n =sample size

s =sample standard deviation (i.e., the sample-based
estimate of the standard deviation of the
population)

0 = observed results

e = expected results

¥ =sum of all

Degrees of freedom are equal to the number of
distinct possible outcomes minus one.

Metric Prefixes

Factor Prefix Symbol
10° giga G

106 mega M

103 kilo k

101 deci d

102 centi c

103 milli m

106 micro u

109 nano n

10-12 pico p

Mode = value that occurs most frequently in a data set

Median = middle value that separates the greater and lesser halves of a data set

Mean = sum of all data points divided by number of data points

Range = value obtained by subtracting the smallest observation (sample minimum) from the greatest (sample maximum)




Rate and Growth

Rate
d_}f dY = amount of change
dl dt = change in time

Population Growth B = birth rate

dN
CL-B-D D = death rate
dt
Exponential Growth N'=population size
dN , K = carrying capacity
—_— = ;N'
ar! max . .
Fmax = MMaximum per capita
Logistic Growth growth rate of population
Ay _ o [K=N
E Fnax! K

Simpson’s Diversity Index

i )2
N

n = total number of organisms of a particular species

Diversity Index = 1 - E[

N = total number of organisms of all species

Water Potential (')

W=Wp+ Wg

W, = pressure potential

W5 = solute potential

The water potential will be equal to the
solute potential of a solution in an open
container because the pressure potential of
the solution in an open container is zero.

The Solute Potential of a Solution

Ws =-iCRT

i = ionization constant (1.0 for sucrose
because sucrose does not ionize in
water)

C = molar concentration

R = pressure constant
(R =0.0831 liter bars/mole K)

T =temperature in Kelvin (°C + 273)

pH =—log[H']

Surface Area and VVolume

Surface Area of a Sphere Volume of a Sphere
SA=4rxr? vo4,s

Surface Area of a Rectangular Solid

Volume of a Rectangular Solid

r = radius

I=length 3
h = height

V = lwh

SA = 2lh + 2lw + 2wh
Volume of a Cylinder

V = 7rr2h

Surface Area of a Cylinder
SA = 27rh + 2712

Volume of a Cube

V=53

Surface Area of a Cube
SA = 652

w = width

s = length of one
side of acube

SA = surface area

V =volume
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BIOLOGY
SECTION I
Time—1 hour and 30 minutes

6 Questions

Directions: Questions 1 and 2 are long free-response questions that require about 25 minutes each to answer.
Questions 3 through 6 are short free-response questions that require about 10 minutes each to answer.

Read each question carefully and completely. Answers must be written out in paragraph form. Outlines, bulleted
lists, or diagrams alone are not acceptable.

You may plan your answers in this orange booklet, but no credit will be given for anything written in this booklet.
You will only earn credit for what you write in the separate Free Response booklet.

Question 1 is on the following page.
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1. In eukaryotic microorganisms, the PHO signaling pathway regulates the expression of certain genes. These
genes, Pho target genes, encode proteins involved in regulating phosphate homeostasis.

@)

(i) Describe the effect that the addition of a charged phosphate group can have on a protein that would
cause the protein to become inactive.

(if) Explain how a signal can be amplified during signal transduction in a pathway such as the PHO signaling
pathway.

When the level of extracellular inorganic phosphate (Pi) is high, a transcriptional activator Pho4 is
phosphorylated by a complex of two proteins, Pho80—Pho85. As a result, the Pho target genes are not
expressed. When the level of extracellular Pi is low, the activity of the Pho80—-Pho85 complex is inhibited by
another protein, Pho81, enabling Pho4 to induce the expression of these target genes. A simplified model of
this pathway is shown in Figure 1.

A High-Phosphate Environment B Low-Phosphate Environment

Pho81 Pho81

Pho80 | Pho85
Aﬁs "
Pho Target Gene
mRNAs
ATP ADP

Pho Target Genes Pho Target Genes
DNA <X O XX DNA

Figure 1. A simplified model of the regulation of expression of Pho target genes in (A) a
high-phosphate (high-Pi) environment and (B) a low-phosphate (low-Pi) environment

Proteins Encoded by
Pho Target Genes

To study the role of the different proteins in the PHO pathway, researchers used a wild-type strain of yeast to
create a strain with a mutant form of Pho81 (pho81mt) and a strain with a mutant form of Pho4 (pho4mt). In
each of these mutant strains, researchers measured the activity of a particular enzyme, APase, which removes
phosphates from its substrates and is encoded by PHOL, a Pho target gene (Table 1). They then determined the
level of PHO1 mRNA relative to that of the wild-type yeast strain, which was set to 10.

© 2023 College Board.
Visit College Board on the web: collegeboard.org.
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TABLE 1. APase ACTIVITY AND RELATIVE AMOUNTS OF PHO1 mRNA IN WILD-TYPE AND MUTANT
STRAINS OF YEAST IN HIGH- AND LOW-PHOSPHATE ENVIRONMENTS

APase Activity in APase Activity in | Relative Amounts of | Relative Amounts of
. - High-Pi Environment | Low-Pi Environment [ PHO1 mRNA in PHO1 mRNA in
YeastStrain| - Mutation (mU/mL/ODeoo) (MU/mL/ODgno) | High-Pi Environment | Low-Pi Environment
+2SEx +2SE x +2SEy +2SEy
Wild-type None 05+01 17.3+09 0.1+00 10+20
phogmt | INenfunctional 0.4+0.1 0.6+0.1 07402 0.9+08
Pho81
phoamt | Nonfunctional 05400 0.8+02 0.6+0.4 03401
Pho4
(b)

(i) Based on Table 1, identify a dependent variable in the researchers’ experiment.
(i) Justify the researchers’ using the wild-type strain for the creation of the mutant strains.

(iii) Justify the researchers’ using mutant strains in which only a single component of the pathway was
mutated in each strain.

(©
(i) Based onthe data in Table 1, identify the yeast strain and growth conditions that lead to the highest
relative amount of PHO1 mRNA.
(ii) Calculate the percent change in APase activity in wild-type yeast cells in a high-Pi environment
compared with that of wild-type cells in a low-Pi environment.

In a follow-up experiment, researchers created a strain of yeast with a mutation that resulted in
a nonfunctional Pho85 protein.

(d)
(i) Based on Figure 1, predict the effects of this mutation on PHO1 expression in the mutant strain in a
high-Pi environment.

(ii) Provide reasoning to justify your prediction.

Write your responses to this question only on the designated pages in the separate Free Response booklet.
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2. Elevated levels of CO; increase the rate of photosynthesis and growth in plants. Scientists studying the
mechanisms involved in these increases examined a variety of species and found that when plants are exposed
to elevated levels of COy, there is an increase in the number of chloroplasts per cell. To investigate whether the
elevated levels of CO; have a similar effect on the number of mitochondria in plant cells, the scientists
conducted a second experiment. then selected six of these species to quantify the number of mitochondria per
cell when the plants were exposed to both normal and elevated levels of CO, (Table 1).

(a) Describe the role of the inner mitochondrial membrane in cellular respiration.

The scientists selected six of these species to quantify the number of mitochondria per cell when the plants
were exposed to both normal and elevated levels of CO, (Table 1).

TABLE 1. AVERAGE NUMBER OF MITOCHONDRIA IN PLANTS EXPOSED TO NORMAL AND ELEVATED

LEVELS OF CO;
Mitochondria at Normal | Mitochondria at Elevated
Speci CO» CO,
Pecies (per 100 um? of cell area) | (per 100 um? of cell area)
+2SEy +2SEy
1 1.0+£0.10 1.6+0.10
2 0.4+0.05 0.9+£0.08
3 0.5+£0.07 0.9+£0.10
4 0.3+0.03 0.6 £ 0.06
5 0.7 £0.06 1.5+0.22
6 1.3+£0.15 2.4 +0.22

(b)

(i) Using the template in the space provided for your response, construct an appropriately labeled graph that
represents the data in Table 1.
(ii) Determine which species show(s) a difference in the number of mitochondria between normal and elevated
levels of CO..

© 2023 College Board.
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(c) Based on the data in Table 1, describe the relationship between the level of CO; and the average number of
mitochondria per unit area of a cell.

The leaves of a particular plant species are typically green, but scientists notice a plant in which the leaves
have white stripes. They determine that the stripes result from a mutation in mitochondrial DNA that
interferes with the development of chloroplasts. The scientists crossed plants using pollen from the plant with
white-striped leaves and ovules from a plant with green leaves.

(d)

(i) Predict the phenotype(s) of the leaves of offspring produced from this cross. Provide reasoning to
justify your prediction.

(ii) Explain why plants with the same genotype are able to differ in the structure and/or number of certain
organelles in response to changes in atmospheric levels of COs..

Write your responses to this question only on the designated pages in the separate Free Response booklet.
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3. Sand lances of the genus Ammodytes are small fish that function as keystone organisms in several coastal
ecosystems. These sand lances are prey fish that support organisms at higher trophic levels. Scientists
performed experiments to examine how sand lance populations are likely to be affected by the rising
temperatures and CO; levels associated with climate change.

Sand lance embryos typically develop and mature into adult fish at low temperatures (approximately 5°C) and
stable, low CO: levels (approximately 400 patm). Over the course of two years, the scientists measured the
survival rate of sand lance embryos allowed to develop and mature in a laboratory at three different
temperatures, 5°C, 7°C, and 10°C, with the level of CO, maintained at 400 patm, 1,000 patm, and

2,100 patm for each temperature.

(a) Describe the effect of increased biodiversity on the resilience of an ecosystem in a changing environment.

(b) Justify the scientists’ selecting 5°C as the lowest temperature and 400 patm as the lowest CO- level
in their study of sand lance embryo survival.

(c) State anull hypothesis for the experiment.

(d) The scientists claim that a reduction in the population size of the Ammodytes sand lances will affect the
stability of the entire coastal ecosystem. Provide reasoning to support the scientists’ claim.

Write your responses to this question only on the designated pages in the separate Free Response booklet.
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4. Noncyclic electron flow and cyclic electron flow are two major pathways of the light-dependent reactions of
photosynthesis.

(2) Describe the role of chlorophyll in the photosystems of plant cells.

In noncyclic electron flow, electrons pass through photosystem |1, then components of a chloroplast electron

transport chain, and then photosystem I before finally reducing NADP* to NADPH. In cyclic electron flow,
electrons cycle through photosystem | and some components of the electron transport chain (Figure 1).

1 Primary
e~ Acceptor
Primary O\
e~ Acceptor A -
() Cyclic w <>Ferredoxin
Energy | SN
of ~ ( (\NADP+
Electrons N
Cytochrome |:| NADPH
Complex ,
N
Energy for OPhotosystem I
ATP Synthesis

Photosystem 11

2e”

H,0 —i>1I2 0,

Figure 1. The pathways of noncyclic and cyclic (heavy arrows) electron flow. The
cytochrome complex is a component of the electron transport chain between the
two photosystems.

(b) Based on Figure 1, explain why an increase in the ratio of NADPH to NADP™ will cause an increase in
the flow of electrons through the cyclic pathway.

(c) Using rice plants, scientists examined the effect of a mutation that results in the loss of the protein CRRG.
CRRG6 is a part of the photosystem | complex, and its absence reduces the activity of photosystem 1.
Predict the effect of the mutation on the rate of biomass (dry weight) accumulation.

(d) Justify your prediction in part (c).

Write your responses to this question only on the designated pages in the separate Free Response booklet.
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5. Ruminants are hoofed animals, including cattle and sheep, that have a unique four-chambered stomach
specialized to digest tough, fiber-filled grasses. Researchers studying ruminants are investigating the
morphological and molecular characteristics of different ruminant families in order to determine the

evolutionary relationships among the families.

(@) Describe how a scientist would use a comparison of the DNA sequences of different organisms to
suggest the most likely evolutionary relationship among the organisms.

Cladograms of several ruminant families were constructed based on morphological data (Figure 1A) and
molecular data (Figure 1B).

A
Tragulidae  Giraffidae  Bovidae Moschidae Antilocapridae Cervidae

B
Tragulidae Giraffidae Antilocapridae Bovidae Moschidae  Cervidae

Figure 1. Cladogram of six ruminant families based on (A) morphological
data and (B) molecular data

(b) Based on Figure 1, explain why Bovidae is likely to be more closely related to Moschidae than it is
to Giraffidae.

© 2023 College Board.
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Table 1 shows a sample of the morphological characteristics present in each family used to construct the
cladogram in Figure 1A.

TABLE 1. MORPHOLOGICAL CHARACTERISTICS FOUND IN EACH RUMINANT FAMILY

Characteristic Morpholog_lcgl Tragulidae| Giraffidae| Bovidae| Moschidae| Antilocapridae| Cervidae
Number Characteristic
1 Extra tooth material X X
2 Third stomach X X X X X
Double opening for
3 tear ducts X X

(c) Using the template in the space provided for your response, represent the point(s) at which characteristic
1, listed in Table 1, evolved by marking “X” on the line(s) of the cladogram in the correct location(s).

(d) Based on Figure 1A, explain why a characteristic found only in the Cervidae and Bovidae families is
more likely evidence of convergent evolution than it is of common ancestry.

Write your responses to this question only on the designated pages in the separate Free Response booklet.
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6. Housekeeping genes encode proteins involved in universally important processes such as transcription,
translation, and glycolysis. Because these genes appear to be expressed in all cells at constant levels, the
expression of housekeeping genes is often used as a control when comparing how the expression of other genes
varies under different conditions.

Researchers studying the effect of pesticides on declining bee populations wanted to determine whether the
expression of four housekeeping genes (GAPDH, RPL32, RPS5, and TBP-AF) was in fact constant in bees
across different variables. The researchers collected samples of mMRNA for each of the four genes and compared
how their expression varied across the developmental stage of the bee, the sex of the bee, and the cell type from
which the sample was taken. The mRNA from the samples was reverse transcribed to produce DNA copies of
each gene. PCR was then used to amplify the DNA, and the Cq value was determined. The Cq value is the
number of PCR cycles needed to produce a specified number of DNA copies. A high Cq value for a sample
indicates the gene was expressed at a low level.

To analyze whether any of the examined variables affected expression of the housekeeping genes, researchers
examined the range of Cq values for each gene in response to each variable. Genes with a wide range of Cq
values were determined to be affected by the variable, while genes with a narrow range of Cq values were
determined to be unaffected by the variable.

324+ 0O GAPDH
B RPL32
@ RPSS5
28+ TBP-AF
Cq Value 247

ol 8
NUE T IR iLT

Developmenta]l Sex Cell Types
Stage

Variable Examined

Figure 1. The effect of developmental stage, sex, and cell type on the Cq
value of four housekeeping genes
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(a) Based on the data in Figure 1, identify the gene that had the lowest median Cq value when bees of
different developmental stages were compared.

(b) The Cq value is inversely proportional to the amount of mMRNA from that gene in the starting sample.
Based on the data in Figure 1, identify the gene that has the lowest level of gene expression regardless of
variable.

(c) The scientists investigated the effect of pesticides on the expression of other genes in one cell type
of a group of bees containing males and females of the same developmental stage. They
hypothesized that TBP-AF would serve as the best control gene for this experiment. Use the data to
evaluate their hypothesis.

(d) Explain how expression of a gene such as GAPDH can vary from one cell type to another within the
same bee.

Write your responses to this question only on the designated pages in the separate Free Response booklet.
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STOP

END OF EXAM
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