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Optimizing and checking the in vivo shrimp metabolomics platform 24 

In our LC-ESI-MS platform, an aniline derivatization reaction was used to label 25 

the metabolites. The aniline labeling was mediated by N-(3-dimethylaminopropyl)-N′-26 

ethylcarbodiimide hydrochloride (EDC), which binds directly to the carbonyl, 27 

phosphophyl, and carboxyl groups on the metabolites (eg fumaric acid, malic acid, 28 

pyruvate acid) [34]. This technique significantly improved the LC separation and ESI 29 

efficiency (see Fig S1), and also attenuated the effect of ion suppression. The total 30 

number detected metabolites was generally increased by 50% in the aniline derivatized 31 

samples compared to the crude metabolite samples (data not shown). 32 

This labeled metabolite LC-ESI-MS platform identified approximately 100 33 

metabolites in shrimp hemocyte samples (n = 4~6) collected at 0, 6, 12, 18, 24 hpi from 34 

WSSV-infected and uninfected (PBS) shrimp (P. vannamei). A principle component 35 

analysis (PCA) [37] showed that the metabolomic profiles of WSSV-infected and 36 

uninfected samples at each time point formed distinct clades (Fig S2). 37 

 38 

WSSV promotes the synthesis of purine and pyrimidine precursors at the viral 39 

replication stage 40 

Rerouting of glycolysis into the pentose phosphate pathway (PPP) is another 41 

characteristic of the Warburg effect. Here we found that the levels of four PPP 42 
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intermediates - ribose 5-phosphate, erythrose 4-phosphate, sedoheptulose 7-phosphate, 43 

and ribose - were mostly unaffected after WSSV infection (Fig S4). However, 44 

downstream of the PPP, we found increased intracellular levels of some of the 45 

precursors of purine and pyrimidine (Fig S5). This suggests that even though there was 46 

no accumulation of the PPP intermediates, there was probably nevertheless an increase 47 

in the throughput of this pathway. 48 

 49 

Replication of WSSV DNA occurs immediately after the synthesis of the purine 50 

and pyrimidine precursors 51 

The replication status of WSSV in the infected shrimp was monitored using the IQ 52 

REAL WSSV quantitative system. Absolute quantification of the number of copies of 53 

WSSV viral DNA in the pleopods of the infected shrimp showed that the accumulated 54 

WSSV DNA was initially very low. However, between 12 and 18 hpi, virus quantities 55 

rapidly increased from ~ 2.7 WSSV copies to ∼424.8 WSSV genome copies per 104 56 

host genome copies (∼157.3 times) (Fig S6A). Subsequently, between 18 and 24 hpi, 57 

the virus replication activity increased at a much slower rate (~1.9 times) (Fig S6A). 58 

Meanwhile, the increase in the number of WSSV ie1, vp28, and icp11 genes in the 59 

WSSV-infected shrimp hemocytes also reached a peak between 12 and 18 hpi (Fig 60 

S6B~D). These results show that during the first WSSV replication cycle (~24 hpi), the 61 
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viral DNA replication stage immediately followed the synthesis of the purine and 62 

pyrimidine precursors (Fig S5). 63 

 64 

TCA cycle metabolism was not abolished during WSSV infection despite the 65 

accumulation of lactic acid 66 

During the aerobic glycolysis observed in the Warburg effect, glucose is mostly 67 

converted to lactic acid instead of being catabolized by the TCA cycle. Here, however, 68 

despite the production of large amounts of lactic acid during WSSV infection (Fig 4A), 69 

the relatively small changes in the levels of the TCA metabolites (Fig S7) suggested 70 

that the TCA cycle was still functioning. We note, however, that the higher levels of 71 

citrate and the reduced levels of succinate indicate that the TCA cycle might have been 72 

diverted into citrate cataplerosis as well as replenished by glutamine/ glutamate 73 

anaplerosis. 74 

 75 

76 



Chen, I. T. 

5 
 

SUPPLEMENTAL FIGURES 77 

 78 

 79 

 80 

 81 

 82 

 83 

 84 

 85 

 86 

 87 

 88 

 89 

 90 

 91 

 92 

 93 

 94 

 95 

 96 

 97 

 98 

 99 

 100 

 101 

 102 

Fig S1. 103 

0 2 4 6 8 10 12 Time [min]
0.0

0.2

0.4

0.6

0.8

5x10
Intens.

Aniline labeled Direct detect

LC Column: BEH C18
Temperature: 37°C
Detection: 100‐1000 m/z



Chen, I. T. 

6 
 

 104 

 105 

 106 

 107 

 108 

 109 

 110 

 111 

 112 

 113 

 114 

 115 

 116 

 117 

 118 

 119 

 120 

 121 

 122 

 123 

 124 

 125 

 126 

 127 

 128 

 129 

 130 

 131 

 132 

Fig S2. 133 



Chen, I. T. 

7 
 

 134 

 135 

 136 

 137 

 138 

 139 

 140 

 141 

 142 

 143 

 144 

 145 

 146 

 147 

 148 

Fig S3. 149 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Glucose 6‐phosphate 
WSSV

PBS *

**

0

0.5

1

1.5

2

2.5

3

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Phosphoenolpyruvate

WSSV

PBS
**

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Pyruvate 

WSSV

PBS

WSSV

PBS

*

*

0

0.5

1

1.5

2

2.5

3

3.5

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

3‐Phosphoglycerate 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Glyceraldehyde 3‐phosphate 
WSSV

PBS



Chen, I. T. 

8 
 

 150 

 151 

 152 

 153 

 154 

 155 

 156 

 157 

 158 

 159 

 160 

Fig S4. 161 

0

0.5

1

1.5

2

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Ribose 5‐phosphate 

WSSV

PBS

0

0.5

1

1.5

2

2.5

3

3.5

4

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Ribose
WSSV

PBS

**

0

0.5

1

1.5

2

2.5

3

3.5

4

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Erythrose 4‐phosphate 

WSSV

PBS **

*

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Sedoheptulose 7‐phosphate 
WSSV

PBS

*



Chen, I. T. 

9 
 

 162 

 163 

 164 

 165 

 166 

 167 

 168 

 169 

 170 

 171 

 172 

Fig S5.  173 

0

0.5

1

1.5

2

2.5

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Adenine 

**
WSSV

PBS

0

0.5

1

1.5

2

2.5

3

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Adenosine monophosphate  

WSSV

PBS

** **

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Adenosine diphosphate  

WSSV

PBS

* **
**

0

0.5

1

1.5

2

2.5

3

3.5

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Adenosine 3'‐5'‐bisphosphate 
WSSV

PBS ****

*
0

0.5

1

1.5

2

2.5

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Deoxyadenosine triphosphate
WSSV

PBS

*

0

0.5

1

1.5

2

2.5

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Guanine
WSSV

PBS

*

**
**

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Guanosine diphosphate
WSSV

PBS

**
**

0

0.2

0.4

0.6

0.8

1

1.2

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Uric acid
WSSV

PBS

**
* *

0

0.5

1

1.5

2

2.5

3

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Leucine 
WSSV

PBS

*

*

*



Chen, I. T. 

10 
 

 174 

 175 

 176 

 177 

 178 

 179 

 180 

 181 

 182 

Fig S6. 183 

N
u

m
b

e
r 

o
f 

c
o

p
ie

s
 o

f 
W

S
S

V
 g

en
o

m
ic

 D
N

A
/1

04
h

o
s

t 
g

e
n

o
m

e
 c

o
p

ie
s

F
o

ld
 i

n
c

re
a

s
e 

in
 t

h
e

 n
u

m
b

e
r 

o
f 

W
S

S
V

 g
e

n
o

m
ic

 
D

N
A

 c
o

p
ie

s
  b

e
tw

e
en

 c
o

n
s

e
c

u
ti

ve
 t

im
e

 p
o

in
ts

600

1000

1200

4

8

200

400

0

800

90

130

150

1

110

6 12 18 24

2

70

30

Hrs post-WSSV injection

0.08
± 0.034

(n.d.)

50

F
o

ld
 i

n
cr

e
a

se
 in

 t
h

e
 n

u
m

b
e

r 
o

f 
W

S
S

V
 ie

1
 

m
R

N
A

 c
o

p
ie

s
  b

e
tw

e
e

n
 c

o
n

s
ec

u
ti

ve
 t

im
e

 
p

o
in

ts

(R
e

la
ti

ve
 u

n
it

s)
 

R
e

la
ti

ve
 n

u
m

b
e

r 
o

f 
W

S
S

V
 ie

1
 m

R
N

A
 c

o
p

ie
s 

35

45

50

5

40

6 12 18 24

10

30

20

Hrs post-WSSV injection

0.019
± 0.007

(n.d.)

25

15

100

150

0.1

0.2

5

10

0

50

F
o

ld
 i

n
c

re
a

s
e 

in
 t

h
e

 n
u

m
b

er
 o

f 
W

S
S

V
 v

p
2

8 
m

R
N

A
 c

o
p

ie
s

  b
e

tw
e

e
n

 c
o

n
s

e
c

u
ti

ve
 t

im
e 

p
o

in
ts

(R
e

la
ti

ve
 u

n
it

s
) 

R
e

la
ti

ve
 n

u
m

b
e

r 
o

f 
W

S
S

V
 v

p
2

8
 m

R
N

A
 c

o
p

ie
s

 

40

60

70

2.5

50

6 12 18 24

5

30

10

Hrs post-WSSV injection

(n.d.)

20

4

20

30

0.05

0.1

2

3

0

10

(R
e

la
ti

ve
 u

n
it

s
) 

R
e

la
ti

ve
 n

u
m

b
e

r 
o

f 
W

S
S

V
 i

c
p

11
 R

N
A

 c
o

p
ie

s
 

F
o

ld
 i

n
cr

e
a

se
 in

 t
h

e
 n

u
m

b
e

r 
o

f 
W

S
S

V
 ic

p
11

 
m

R
N

A
 c

o
p

ie
s

  b
e

tw
e

e
n

 c
o

n
s

e
c

u
ti

ve
 t

im
e 

p
o

in
ts

5

30

50

0.02

0.04

3

4

0

10

6 12 18 24

Hrs post-WSSV injection

0.0043
± 0.0017

(n.d.)

140

180

200

3

160

6

120

80

100

(A) (B)

(C) (D)



Chen, I. T. 

11 
 

 184 

 185 

 186 

 187 

 188 

 189 

Fig S7.  190 

0

0.5

1

1.5

2

2.5

3

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Citrate 
WSSV

PBS

**
* *

0

1

2

3

4

5

6

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Succinate

* *

** *
WSSV

PBS

0

0.5

1

1.5

2

2.5

3

3.5

4

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Fumarate

* **

WSSV

PBS

0

0.5

1

1.5

2

2.5

3

3.5

4

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Malate

**

WSSV

PBS

0

1

2

3

4

5

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Oxaloacetate

*
**

**
WSSV

PBS

0

0.5

1

1.5

2

2.5

3

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Glutamate
WSSV

PBS *

**

0

0.5

1

1.5

2

2.5

0 6 12 18 24

Fo
ld
 in
d
u
ct
io
n

Hours post injection

Glutamine 

*

WSSV

PBS



Chen, I. T. 

12 
 

SUPPLEMENTAL FIGURE LEGENDS 191 

 192 

Fig S1. LC-ESI-MS spectra showing improved LC separation and efficiency after 193 

aniline labeling. 194 

 195 

Fig S2. Principle Component Analysis (PCA) showing the distinct clades formed by 196 

the metabolites of hemocytes collected from (A) PBS-injected shrimp, (B) WSSV- vs. 197 

PBS-injected shrimp at 12 and 24 hpi, and (C) WSSV-injected shrimp at 0-24hpi 198 

 199 

Fig S3. Measurement of the levels of five glycolytic metabolites in the stomachs of 200 

WSSV-infected shrimp. Each bar shows the mean ± SD level of the indicated glycolytic 201 

metabolite relative to its level at 0 hpi. Single (P<0.05) and double (P<0.005) asterisks 202 

indicate a statistically significant difference between the experimental and control 203 

groups. 204 

 205 

Fig S4. Measurement of the levels of four PPP metabolites in the hemocytes of WSSV-206 

infected shrimp. Each bar shows the mean ± SD of the indicated pentose phosphate 207 

pathway metabolite relative to its level at 0 hpi. Single (P<0.05) and double (P<0.005) 208 

asterisks indicate a statistically significant difference between the experimental and 209 
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control groups. 210 

 211 

Fig S5. The effect of WSSV infection on the profiles of metabolic intermediates 212 

involved in the synthesis of purine and pyrimidine precursors. Each bar shows changes 213 

in the mean ± SD of metabolites involved in the synthesis of purine and pyrimidine 214 

precursors relative to their respective levels at 0 hpi. Single (P<0.05) and double 215 

(P<0.005) asterisks indicate a statistically significant difference between the 216 

experimental and control groups. 217 

 218 

Fig S6. WSSV genome replication and gene expression status in shrimp. (A) Each bar 219 

represents the number of copies of WSSV genomic DNA in pooled pleopod samples. 220 

(B-D) The bars represent the relative levels of (B) WSSV ie1 mRNA, (C) WSSV vp28 221 

mRNA and (D) WSSV icp11 mRNA detected in pooled hemocytes samples at the 222 

indicated time points. The curves show the relative change in copy number or gene 223 

expression from one time point (Tn) to the next (Tn + 1) as defined by (Tn + 1)/ (Tn). 224 

 225 

Fig S7. The effect of WSSV infection on the profiles of metabolic intermediates in the 226 

TCA cycle. Each bar shows the mean ± SD of the indicated tricarboxylic acid cycle 227 

(TCA) metabolite relative to its level at 0 hpi. Single (P<0.05) and double (P<0.005) 228 
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asterisks indicate a statistically significant difference between the experimental and 229 

control groups. 230 
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