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Abstract

Background: We propose a new method for supervised learning from gene expression data. We
call it ‘tree harvesting’. This technique starts with a hierarchical clustering of genes, then models
the outcome variable as a sum of the average expression profiles of chosen clusters and their
products. It can be applied to many different kinds of outcome measures such as censored survival
times, or a response falling in two or more classes (for example, cancer classes). The method can
discover genes that have strong effects on their own, and genes that interact with other genes.

Results: We illustrate the method on data from a lymphoma study, and on a dataset containing
samples from eight different cancers. It identified some potentially interesting gene clusters. In
simulation studies we found that the procedure may require a large number of experimental
samples to successfully discover interactions.

Conclusions: Tree harvesting is a potentially useful tool for exploration of gene expression data and
identification of interesting clusters of genes worthy of further investigation.
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Box 1

Algorithm 1: Tree harvesting

Initially the only term in the model M is the constant function 1. The candidate terms C consists of all of the 2p - 1
average expession profiles x-*c .

At each stage we consider all products consisting of a term in M and a term in C, and find the term that most improves
the fit of the model based on a score statistic S. We add to the model the term involving the largest incoming cluster
whose score is at least (1 - α)S, with α = 0.10 say.

We continue until some maximum number of terms M has been added to the model.

Backward deletion is applied, and cross-validation is used to select the best model size, and hence the final model.

Table 1

Some common response types and loss functions

Response type Loss function

Quantitative Sum of squares � j(yj - ηj)2

Censored survival time Partial log-likelihood 

Categorical Multinomial log-likelihood
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Figure 1
The DLCL expression matrix, with rows and columns ordered according to a hierarchical clustering applied separately to the
rows and columns.
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Table 2

Results of tree harvesting applied to lymphoma data

Node Parent Score -2log-likelihood Size 

1 3005 0 2.980 104.34 8

2 2236 3005 2.784 94.91 3

3 443 0 2.579 84.12 2

4 s2461 3005 2.948 70.06 1

5 s2188 3005 2.658 60.16 1

Cox survival model fit to all five terms:

Coef exp(coef) se(coef) z p

z1 4.118 61.442 0.921 4.47 7.7e-06

z2 1.072 2.922 0.293 3.66 2.5e-04

z3 2.195 8.976 0.528 4.15 3.3e-05

z4 1.079 2.941 0.281 3.83 1.3e-04

z5 -0.667 0.513 0.221 -3.02 2.5e-03
Figure 2
Scores for each cluster, from the first stage of the harvest
procedure. The green horizontal line is drawn at (1 - α)
times the maximum score, with α = 0.1. The largest cluster
having a score above this line is chosen, indicated by the
blue plotting symbol.
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Table 3

Distribution of gene expression across cancer class

Breast CNS Colon Leukemia Melanoma NSCLC Ovarian Renal

9 5 7 8 8 9 6 9

NSCLC, non-small cell lung cancer 
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Figure 3
Lymphoma data. Clusters from tree harvest procedure, with columns in (expected) survival time order.
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Figure 4
Lymphoma data. Training error curve (upper curve) and
cross-validation error curve (lower curve with error bars).
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Figure 5
Survival curves of the two groups defined by the low or high
expression of genes in the first cluster from tree harvesting.
Group 1 has low gene expression, and group 2 has high gene
expression. The survival in the groups is significantly
different (p = 2.4 x 10-5).
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Table 4

Results of tree harvesting applied to human tumor data

Node Parent Score -2log-likelihood Size

1 1177 0 6.48 197.53 6

2 3843 0 1.97 132.34 4

3 2008 0 1.78 79.34 3

4 1665 3843 0.85 71.01 3

5 5009 0 0.69 51.91 68

6 5087 2008 0.59 9.32 9

7 820 3843 0.55 0.00 2

Figure 6
The seven clusters found by tree harvesting for predicting the tumor classes. They are ordered from top to bottom in terms
of stepwise entry into the model. The vertical boundaries separate cancer classes.



co
m

m
ent

review
s

repo
rts

depo
sited research

interactio
ns

info
rm

atio
n

refereed research

http://genomebiology.com/2001/2/1/research/0003.9

472
471

6087
6086
6085
6088
6089
5424
6280
6532
6531
4212
4187
4376
4375
4374
4377
4336
4335
4274
4273
4236
4275
4310
4309
4311
4218
4320
4319
4329
4327
4326
4322
4321
4323
4328
4325
4324
4233
4186
4314
4312
4313
4318
4317
4316
4315
4137
4283
4334
4298
4276
4338
4302
4308
4281
3825
4297
4296
4363
4306
4305
4304
4303
4307
3976
4339
4178
4230
4229
4337
4237
4232
4231
4379
4176
4115
4228
4032
5643
5642
5644
5899
5898
6339

134
133
135
178

2081
2080
2083
2082
2079
2084

B
R

E
A

S
T

B
R

E
A

S
T

B
R

E
A

S
T

B
R

E
A

S
T

B
R

E
A

S
T

B
R

E
A

S
T

B
R

E
A

S
T

B
R

E
A

S
T

B
R

E
A

S
T

R
E

N
A

L
R

E
N

A
L

R
E

N
A

L
R

E
N

A
L

R
E

N
A

L
R

E
N

A
L

R
E

N
A

L
R

E
N

A
L

R
E

N
A

L
N

S
C

LC
N

S
C

LC
N

S
C

LC
N

S
C

LC
N

S
C

LC
N

S
C

LC
N

S
C

LC
N

S
C

LC
N

S
C

LC
O

V
A

R
IA

N
O

V
A

R
IA

N
O

V
A

R
IA

N
O

V
A

R
IA

N
O

V
A

R
IA

N
O

V
A

R
IA

N
M

E
LA

N
O

M
A

M
E

LA
N

O
M

A
M

E
LA

N
O

M
A

M
E

LA
N

O
M

A
M

E
LA

N
O

M
A

M
E

LA
N

O
M

A
M

E
LA

N
O

M
A

M
E

LA
N

O
M

A
C

N
S

C
N

S
C

N
S

C
N

S
C

N
S

C
O

LO
N

C
O

LO
N

C
O

LO
N

C
O

LO
N

C
O

LO
N

C
O

LO
N

C
O

LO
N

LE
U

K
E

M
IA

LE
U

K
E

M
IA

LE
U

K
E

M
IA

LE
U

K
E

M
IA

LE
U

K
E

M
IA

LE
U

K
E

M
IA

LE
U

K
E

M
IA

LE
U

K
E

M
IA

7(2)

6(3)

5

4(2)

3

2

1



)���8 G�)���B G�*?���8�
�
�B

/  @������� �	�
������:��
����� ����8�
�
�B

��

���8 �������B-�����������	
��4���	��""�����
����
���
�����
���	-

���� ��	1"
	� ���� 	����� ��� 
��� 
��� ����"� � � ���"�� ,-� ���

�1����	� ���� �����4�	� �����  ���� 	��1"�
���	-� ���� ��"1��	

	���� 
��� �����4�� �1����� � � 4���	� ��� 
��� 
�1�� �"1	
���

�����4���1������ � 4���	� ��� 
��� �"1	
���  �1����$� 
�������/

��	
��4��
���������
����� �
���4���	� �1����$�
���������	
/

��4� 
��
� ���� ��� 
��� 
�1�� �"1	
���� ���� ����� ���	�-� ����  ���"

��"1��� 	���	� 
��� �����4�� ��	�"1
�� �����"�
���� � � 
��

�����4���6���		������� �"��� �
���
�1���"1	
�����
��
����	
�/

��
����"1	
��-�A���
�����
����
����	���������
��	��;1��
�
��	

�� ��� 
�� 
��� ���"��� 	�
� � � 4���	� 
��
������ 1�� 
��� ��
����/


���-�2 ������
����������
����
������	� �1����
������������4

4���
�	
� ����"��� ��
�� 
��� 
�1�� ��
����
��4� �"1	
��	� �	

�����
��-�7�� 	��� 
��
� 
���������	
��4� ��
1��	� �"1	
��	� 
��


������ "�

"�� 
��� "��4�������
���
�1���"1	
��� �	���	��4"��4����

����
���	��""������
���
�1���"1	
����	�"��4�-�2��
�������
���

	��������� �
� ���	� ��  ���"$� 4���� :��� �
� ��	�������4� 
��� 
�1�

�"1	
����������	���"��� 
�� �
-���������� �
�������
"$���	�����	

��
����
���	� ��"$� ���1
� �� ;1��
��� � � 
��� 
���-� �� 4���
��

�1����� � � 	���"�	� ���� ������� 
�� ���1��
�"$�  ���� ��
����/


���	�����4�	1����� "��4�� 	�
�� � 4���	-�9�� 
����
���������


��������"�
���	����
�����4�
��	
���"1��������""�;1�
����4��

������
��4� 
��
� 
���� �����	
��4� �	� ��"�� 
��  ���� �"1	
��	� 
��


��������"$��	�4�����	�
���
�1�����	-

��������"������"�� ����"��,�	���	�
�����	1"
	� ���
�������/


���� 	�������	� ����� 
��� ��"�
���� ��	�� �	� "������� 
�� 8-+-� �	

10 Genome Biology Vol 2 No 1 ��	
���������

Figure 7
Model deviance for the tumor data. The lower curve is on
the training data, and reaches 0 after seven terms (a
saturated fit). The 0th term is the constant fit. The upper
curve is based on ten-fold cross-validation, where care was
taken to balance the class distribution in each fold. 
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Figure 8
Plot of average expression for each of the first two clusters,
with samples identified by cancer class. Some clear
separation is apparent. 
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Table 5

Simulation results

Scenario Average Average Proportion Proportion Average
number number of harvest of true correlation 

in in genes in genes in 
true estimate true harvest 

3,624 total genes, 36 samples. Relative risk = 2.0 in additive scenarios

p = 1 1.0 2.4 0.80 0.80 0.86

2 < p < 10 3.4 4.8 0.60 0.60 0.91

10 < p < 300 26.2 6.4 0.60 0.19 0.77

Interaction 3.4 2.6 0.28 0.21 0.65

3,624 total genes, 36 samples. Relative risk = 1.0 in additive scenarios

p = 1 1.0 1.6 0.24 0.60 0.61

2 < p < 10 3.4 4.6 0.13 0.20 0.58

10 < p < 300 26.2 3.8 0.40 0.21 0.61

1,622 total genes, 129 samples. Relative risk = 2.0 in additive scenarios

p = 1 1.00 1.60 0.77 1.00 0.97

2 < p < 10 2.80 3.00 0.93 1.00 0.99

10 < p < 300 64.6 16.6 0.94 0.66 0.91

Interaction 9.4 7.6 0.85 0.87 0.86

The value p is the number of genes in the true underlying model.
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Figure 9
Lymphoma data: clusters from tree harvest nonlinear model, with columns in (expected) survival time order. 

D
LC

L-
00

10
D

LC
L-

00
34

D
LC

L-
00

01
D

LC
L-

00
16

D
LC

L-
00

13
D

LC
L-

00
05

D
LC

L-
00

48
D

LC
L-

00
49

D
LC

L-
00

07
D

LC
L-

00
40

D
LC

L-
00

06
D

LC
L-

00
39

D
LC

L-
00

37
D

LC
L-

00
21

D
LC

L-
00

42
D

LC
L-

00
31

D
LC

L-
00

12
D

LC
L-

00
17

D
LC

L-
00

09
D

LC
L-

00
02

D
LC

L-
00

27
D

LC
L-

00
11

D
LC

L-
00

25
D

LC
L-

00
15

D
LC

L-
00

29
D

LC
L-

00
28

D
LC

L-
00

08
D

LC
L-

00
14

D
LC

L-
00

32
D

LC
L-

00
04

D
LC

L-
00

36
D

LC
L-

00
20

D
LC

L-
00

03
D

LC
L-

00
30

D
LC

L-
00

18
D

LC
L-

00
33

4(1)

3(1)

2

1

583

1021

2597

3545

3544

1577

3412

3345

685

573

1583




���	���1"��������
����	
���4�	$���4�	
����  ��
���
�����
��


��� 4���	�� ��
�� �����
���� � � �6���		���� =��"��� ��� �����

�����4�>��4�����-�7����
������"��������
�����	�1	���������/

��	
��4��
���������1���
���	���
��"�������������"������
���	

�
������	
�4�����������	�	�
���������
����6��1��	����-

Lymphoma data continued
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Table 6

Results of nonlinear tree harvest procedure applied to
lymphoma data

Node Parent Score -2Log-likelihood Size Nonlinear?

1 3005 2.980 104.34 8 No

2 s2597 0 3.891 91.18 1 Yes

3 s1021 3005 3.919 81.59 1 Yes

4 s583 3005 3.314 72.39 1 Yes

Cox model fit to all 4 terms

coef exp(coef) se(coef) z p

z1 3.107 22.36 0.6551 4.74 2.1 x 10-6

z2 0.794 2.21 0.1990 3.99 6.6 x 10-5

z3 0.380 1.46 0.0954 3.98 6.8 x 10-5

z4 0.238 1.27 0.0729 3.27 1.1 x 10-3
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