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Goal: to introduce main ideas of RNA-Seq analysis

After completing this Lab, you should be able to:

» explain the ideas of transcriptional response of organisms to stress;

» draw pictures and use them to explain the principles of RNA-Seq data
analysis;

» compare Sanger sequencing and next generation sequencing (NGS) in
terms of major principles, costs, and appropriate applications;

» perform basic RNA-Seq data analysis using DNA subway and identify
genes differentially expressed between two samples.

Introduction/Background

Cold Stress and Maize

Maize is an important staple crop of many different cultures and countries around
the world. One of the limitations of maize growth is cold temperatures early in spring,
when maize seedlings germinate. Farmers in Minnesota, lowa, North Dakota and other
US states closely watch May and early June temperatures because they could greatly
affect the health of corn plans and the year’s corn harvest. Changing climate poses an
additional concern for corn growers and breeders. Unpredictable and severe weather
patterns that have become more common recently require that crop plants become more
resistant to environmental stress, including cold. To develop maize plants that have high
resistance to cold stress, breeders and geneticists need to better understand the
mechanisms of genetic control of abiotic stress resistance.

Transcriptional Response to Cold Stress

While almost all cells in a particular organism have the same set of genes / the
same genome regardless of environmental conditions, different genes are activated in
response to the environment. Such differential gene activation results in the presence of
various amounts of RNA molecules transcribed from certain genes. Most of the genes
will likely not change the level of their expression in response to cold stress. Some genes
will be down-regulated, that is the amount of RNA molecules produced from these genes
will be decreased. Some of the genes will be up-regulated, that is the amount of RNA
molecules produced from these genes will be increased in the plants subjected to cold
stress compared to plants grown under normal conditions.

Lab Goal

The goal of this lab is to perform initial analysis of transcriptional response of
maize seedlings to cold stress and identify sets of genes differentially expressed in
response to cold stress.



Worksheet 1. Transcriptional Response to Cold Stress: Predictions

B73 and Mo17 are common maize varieties (inbreds) in the USA. They are
completely homozygous (inbreds) and are used to develop new varieties as well as study
maize genetics. Maize genome has been sequenced (a complete sequence of maize DNA
determined) for B73 inbred and many of the molecular marker maps have been
developed for these two inbred lines.

The plants you see are B73 and Mol7 seedlings (14 days after planting) that were
exposed to cold stress (16 hours at 5C) followed by a period of recovery at room
temperature.

Please read: Dear students! For the next couple of classes you will be scientists
working on an interesting biological problem. We just received the RNA-Seq data from
the plants you grew last month and I do not know the answers and results of this study.
You are the first! Scientists frequently start with building predictions and hypotheses.
These predictions and hypotheses do not have to be correct all the time! Scientists read
some literature, think about the problem, and formulate their predictions based on what
they know. It is OK to be wrong!!! Hypotheses that scientists test frequently turn out to
be wrong!!! Testing them, though, frequently results in better understanding of the
problem and formulating new hypotheses! I am not looking for “perfectly correct
predictions” for the next several questions! I would like you to support your hypotheses
with arguments that you derive from literature, textbook ideas, common knowledge, and
other sources. Please discuss the following questions with your group. I am happy to
join the discussion at any moment: just let me know when you need me.

Question 1. Please take a look at the plants labeled B73 and Mo17. Do you see any
differences in the way these two lines respond to cold stress? Describe the differences
and similarities you see and make a conclusion about cold resistance / susceptibility of
Mo17 and B73 maize seedlings.

Question 2. Conduct literature search (PubMed is a great resource) and find two
manuscripts describing the effects of stress exposure (not necessarily cold stress) on
activation or down-regulation of gene expression in plants or animals. Briefly summarize
the experimental system, main methodology, and major results of these studies (2 — 3
sentences per each study).

Question 3. Use available resources (PubMed, Internet, textbook, or your knowledge
about types of genes plants have) and predict what groups of genes you would expect to
be down-regulated in response to cold stress? What types of genes you would predict to
show no response to stress exposure? What types of genes would likely be activated in
response to stress?

Question 4. What proportion of maize genes (~40,000 predicted high confidence genes)
you would expect to be expressed in maize 14 day old seedlings? What proportion of



maize genes (~40,000 predicted high confidence genes) you would expect to respond to
cold? What is the basis for your prediction?

Question 5. Given the different response to cold between Mo17 and B73, what
differences would you predict in the level, number, or types of genes activated or down-
regulated in response to cold stress exposure between these two genotypes?

RNAs from Mo17 and B73 cold-stressed and control plants were purified and sent
for RNA-Seq analysis. We have three replicates of each condition in two genotypes, B73
and Mol7. We also have three replicates of Mo17 and B73 maize seedlings subjected to
heat stress, where both genotypes showed very similar phenotypic response.

Question 6. Please discuss with your group and formulate two questions you would like
to ask / hypotheses you would like to test using this data set.

Worksheet 2: RNA-Seq Analysis: Principles and Chemistry

We will characterize the transcriptional response of maize seedlings to cold stress
using RNA-Seq analysis looking at all of the maize genes at the same time.

Question 1. When we purify RNA from any plant or animal tissue, what three major
classes of RNA will be isolated? Which of these classes will be the most common? If
you run total RNA on a gel, what will you likely see? Why?

Question 2. What class of RNAs is the most interesting one for understanding
transcriptional response of maize seedlings to cold (or most of RNAseq studies)? Why?
What is the common feature of these RNAs?

Question 3. To determine sequences of all mRNAs, we need to convert them to double
stranded DNA (cDNA). Do you remember what enzyme converts RNA to cDNA and
where this enzyme comes from?

Question 4. Find available resources (youtube, Wikipedia, lecture notes) and use them to
draw your own scheme explaining the major principles of RNA-Seq analysis (do not
worry about data analysis for now and specific details of chemistry involved). Please ask
me any questions you have and I will be happy to talk to you!!! Hints: your drawings
and/or explanations should include the terms: total RNA, mRNA, cDNA, library,
fragmentation, adaptor ligation, indexing, sequencing, and differential gene expression.

Worksheet 3: RNA-Seq Analysis: Data Analysis

RNAs from Mo17 and B73 cold-stressed and control plants were purified and sent
for RNA-Seq analysis. We have three replicates of each condition in two genotypes, B73
and Mol7. We also have three replicates of Mo17 and B73 maize seedlings subjected to
heat stress, where both genotypes showed very similar phenotypic response. Sequencing
of our RNA libraries was conducted at the University of Minnesota Genomics Center and
when the data come back they look similar to the Sample FastQ file that you can find in



your folders. Each sequence is very short (50 -100 bp depending on the experiment) and
there are tens of millions of them! (The file you see is only an example and I cut out
the first several sequences from the real file to show it to you).

Question 1. Please open a Sample FastQ File from your folders and look at it. What
symbol does each sequence start with? How many sequences do you see in this file?
How long are the sequences? Are they all the same size?

Question 2. The letters on the fourth line of each sequence entry refer to the quality of a
particular base (in other words, how much one can trust the data from this particular
read). However, quality of a particular read might be not as important as the quality of
the whole data set and it is really difficult to simply look at the sequences and infer
whether they are bad or good, right? So we will use a program called “FastQC” to help
us out.

* Please google “DNA subway” and login as guests.

* Find any “Green Line” public project (maize one on top is good to try) and go
into Manage Data. If the analysis is completed you should be able to see the
green letter “v” close to the “Manage Data” tab. You also should be able to view
the quality of the sequences of this project by clicking on “View”.

* Look at one of the samples and record the name of the sample, the number and
length of reads in the sample, mean sequence, and your interpretation of the data
quality. Remember to ask me questions when you have them!!!

Question 3. Now when we have our sequence reads we need to know what genes they are
coming from. Remember our little exercise when I asked you to align short reads coming
from three genes? Computer program called TopHat uses complicated algorithms to
relatively quickly (still could be over an hour on a super-computer) align millions of
reads to maize genome (over 3 billion base pairs). What could make “finding a home”
for a particular sequence read problematic, and why? Hint: think about sequence errors
or genetic variation as well as about repeats.

Question 4. OK... Now we know the location of most of our reads. The next step is to
count how many reads come from each gene (remember the class exercise?). And here
you come in!!! Please find a file “Data for RNA-Seq Lab” in your folder and download
it to your computers. Please look back at the questions/hypotheses you would like to test
(Questions 4 — 6 from the Worksheet 1) and identify samples that you need for your
analysis. Delete all other samples from your file and save it a esv file into a folder where
R can access it.

What is next... You can already answer some of the questions from the Worksheet 1 and
test the predictions you made. You can perform this analysis in Excel. If you are
comfortable with using R, you may try to build some graphs comparing reps between
samples or comparing stress conditions to control conditions. Please let me know what
you would like to do and I will be happy to help you out.



Now it is time to compare stress and control conditions and identify genes that change
their expression level in response to stress. We can simply calculate average values for
each gene’s stress and control conditions and compare the ratio of these values.
However, this approach will not let us estimate how robust the differences we find are
and what is the level of statistical significance of these changes. We need to perform a
statistical test to compare variation between stress and control conditions to variation
between replicates. Program DEseq that could be run in R environment will help us in
this endeavor!

DEseq Analysis: What to Do

1. We need to download, install, and load an R package called DESeq.
* InR type in the following:
source ("http://bioconductor.org/biocLite.R")
biocLite ("DESeq")
* Go to Packages / Load packages and follow prompts for loading a DESeq package.
* Here is a DEseq tutorial that you can always go to in case you have questions and
something is not clear.
http://www .bioinformaticslaboratory.nl/twikidata/pub/Education/BioinformaticslI-
Seq/DESeg-tutorial/  DESeg-tutorial.pdf

2. Next step is to load the csv file you prepared for analysis.
DataName <- read.csv("FileName.csv", row.names =1, header=TRUE)
head (DataName)

Here Filename is your file and DataName is whatever ID you want to call the table inside
R that will hold your data. Please use the raw counts file for DESeq Analysis.

3. Now we need to tell R what conditions are present in our data and what conditions it
needs to compare. Each of your columns should be designated as either “conditionl” or
“condition2”, where conditionl could be “control” and conditions2 could be “cold”. All
replicates of the same condition would have the same designation in this case. If you
have questions please show me your design at this stage to avoid potential problems later
on. Here are the commands to get you there but remember that the specific number of
columns will depend on the composition of your file. Simple comparison of cold and
control conditions in B73 would have 6 data columns: 3 replicates of “control” and 3
replicates of “cold”. Arguments under libType describe the type of the library that will
be analyzed, so please leave “paired-end” there and if you are curios I will be happy to
explain what this means.

Design <- data.frame (row.names = colnames (DataName) ,condition =
c("control", "control", "control", "cold", "cold", "cold"),
libType <- c("paired-end", "paired-end", "paired-end", "paired-end",
"paired-end", "paired-end" ))

You can check the design of your experiment by looking it up:
Design

Please make sure that it is correct and all of your columns have correct designations.

4. We are almost there©
conditions <- Design$condition]]



library( "DESeq" )
cds <- newCountDataSet( DataName, conditions )

These lines allow us to create a list of all conditions that we will use. It is essentially the
same as the list of conditions you specified in your Design (see above). They also
prepare the dataset for further analysis.

5. The next step is to normalize the library (remember our lecture exercise when we
discussed that some samples could be sequenced deeper and simply have more reads for
ALL genes) to the depth of the sequencing.

cds <- estimateSizeFactors( cds )
sizeFactors( cds )
cds <- estimateDispersions( cds )

What can you tell about the depth of sequencing for the samples you are analyzing?
Were they sequenced similarly or some samples have a lot more reads that others? 1f
we divide each column of the count table by the size factor for this column, the count
values are brought to a common scale, making them comparable.

6. Finally, our data are ready for the test of differential expression!!! In this command
“condition1” and “condition2” should be conditions you will compare and they should
match the conditions from your design (see above). This command may take a while to
run but it should give you the list of all genes with the corresponding average values for
conditions you compare (MeanA and MeanB), fold change (MeanB/MeanA) and

statistical measure, padj-value, for the significance of expression changes.
res <- nbinomTest( cds, "conditionl", "condition2")

7. You can check the results by looking at the beginning of the list by
head (res)

8. Let’s also select the genes that are strongly significant (padj-value of <0.01)
resSig <- res[ res$padj < 0.01, ]

9. Finally, let’s separate the genes to the genes that are up-regulated under condition 2
and genes that are down-regulated under condition 2. We will also require for these
differentially expressed genes to have over 2-fold change (either up or down).

resUp <- resSig[ (resSig$foldChange > 2)& (resSig$foldChange
'="Inf”) & (resSig$foldChange '!'= “NaN”) , ]

resDown <- resSig[ (resSig$foldChange <0.5) & (resSig$foldChange
'="Inf”) & (resSig$foldChange '!'= “NaN”) , ]

Can you explain why this filtering is useful? What other criteria would you use to find
the most interesting genes responding to stress?

10. Last step: let’s record our data into a file that could be opened in Excel for future

analysis.
write.table( resUp, file="resultsUp.txt" )
write.table( resDown, file="resultsDown.txt" )



Data Visualization: What to Do

To look at your data you might consider various graphs and visualization
methods. You can calculate RPKM values to do it from the DE-Seq output file. 1
prepared the RPKM file for you to provide a shortcut for your analysis. Pie charts and
Venn Diagrams are frequently used when comparing gene lists. Excel can do it for you.
You can also compare the replicates or average levels between samples to see how
similar they are. Frequently, heat maps and clustering graphs are useful in this case. R
can do it for you (Excel is just not so good in these more complicated visualizations).
Please let me know if you are interested in building these graphs and I will help you out.
If you are comfortable with using R you may be able to figure it out better and faster than
me:)

Finally, you might want to look at your aligned data in the genome browser
(IGV), find a gene that shows high levels of differential expression and see how it looks.

Worksheet 4: Some Answers

Now you know whether your data is good (heat maps and clustering) and you have lists
of genes responding to stress. Your friends from other groups might have gene lists for
other comparisons (other stresses or genotypes) and you might want to cross-list /
compare both lists. Look up the questions you formulated with your group and start
looking at your lists to answer your questions.

Couple of suggestions:

* You might want to filter out genes that have very low expression levels (criteria
are somewhat up to you, actually©)).

* You might want to count how many genes respond to stress and their proportion
relative to all genes or to all expressed genes. You might want to estimate what
the level of expression changes in your comparisons is and whether the genes
responding to stress tend to be low expressed genes or highly expressed genes.

* You might want to compare the lists of other groups, for example, genes
responding in Mo17 and genes responding in B73.

*  You might want to try to learn what those differentially expressed genes are. In
this case you would want to cross-list your genes with their homologs in
Arabidopsis (the file for all maize genes should be in your folder) and run BinGO
annotation.

* Ifyou need to do any cross-listing it is easy to do in Microsoft Access and I can
teach you to do it if you are interested.

* It might make sense for you to have different people in your group to do different
things.

Happy playing!!! I am around and eager to help you at any point.

Assessment



Please submit the answers to worksheets 1 — 3. Please also submit a little report for
Worksheet 4 with at least two questions that you addressed. Think about data
representation (a figure) that would visualize the answer to your question. You need to
have at least two figures (Venn charts, heat maps, bar graphs, BinGO outputs, or others
are fine).



