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E V O L U T I O N A R Y  B I O L O G Y

Two horizontally acquired bacterial genes steer the 
exceptionally efficient and flexible nitrogenous waste 
cycling in whiteflies
Zezhong Yang1,2†, Zhaojiang Guo1†, Cheng Gong1†, Jixing Xia1†, Yuan Hu1, Jie Zhong1, Xin Yang1, 
Wen Xie1, Shaoli Wang1, Qingjun Wu1, Wenfeng Ye3, Baiming Liu2, Xuguo Zhou4,  
Ted C. J. Turlings3*, Youjun Zhang1*

Nitrogen is an essential element for all life on earth. Nitrogen metabolism, including excretion, is essential for 
growth, development, and survival of plants and animals alike. Several nitrogen metabolic processes have been 
described, but the underlying molecular mechanisms are unclear. Here, we reveal a unique process of nitrogen 
metabolism in the whitefly Bemisia tabaci, a global pest. We show that it has acquired two bacterial uricolytic en-
zyme genes, B. tabaci urea carboxylase (BtUCA) and B. tabaci allophanate hydrolase (BtAtzF), through horizontal 
gene transfer. These genes operate in conjunction to not only coordinate an efficient way of metabolizing nitrog-
enous waste but also control B. tabaci’s exceptionally flexible nitrogen recycling capacity. Its efficient nitrogen 
processing explains how this important pest can feed on a vast spectrum of plants. This finding provides insight 
into how the hijacking of microbial genes has allowed whiteflies to develop a highly economic and stable nitrogen 
metabolism network and offers clues for pest management strategies.

INTRODUCTION
Nitrogen is an essential building block for all living organisms. Most 
plants absorb and assimilate inorganic nitrogen in their roots (1, 2). 
Animals, and even some plants, acquire organic nitrogen, mainly ami-
no acids, from their organic diet (1, 3, 4). For them, the acquired nitro-
gen is like a double- edged sword. On one side, it is used to synthesize 
proteins, nucleotides, and other important nitrogen- containing com-
pounds that are essential for development, reproduction, and interac-
tions (2, 3, 5, 6). But on the other side, its nitrogen metabolism results 
in toxic nitrogen- containing intermediates. These intermediates can 
damage proteins, DNA, and cells (7, 8), and in animals, this can cause 
inflammations, gout, and even cancers (6, 9–11).

To mitigate the harm resulting from nitrogen metabolism, ani-
mals convert acquired nitrogen products into waste that can be ex-
creted. Excretion of nitrogenous waste products can be as important 
as proper nitrogen metabolism for the survival and development. 
Nearly all terrestrial animals export uric acid or urate salt as final 
waste products (12). However, several exceptions exist, with insects 
contributing largely to those exceptions. For instance, cockroaches 
export ammonia as their ultimate nitrogenous waste (13). Other 
well- known exceptions are sap- feeding insects. These insects, such 
as whiteflies, aphids, and planthoppers, excrete free amino acids 
rather than uric acid (14–16). In the case of cockroaches, the final 
step toward nitrogenous waste biosynthesis involves uricolytic en-
zymes provided by their obligate symbionts (17). For sap- feeding 
insects, although their unique waste products are well known (14, 

15), the underlying molecular and biosynthetic mechanisms are still 
unclear.

Besides being excreted, nitrogenous waste can also be stored by 
certain animals, allowing them to salvage urea to synthesize essen-
tial amino acids (18–20). Certain insects, such as cockroaches (21), 
termites (22), and planthoppers (23), have thus evolved highly effi-
cient nitrogen recycling mechanisms that allow them to convert ni-
trogenous waste into nutrients when the insects are faced with 
insufficient external nitrogen availability (17). Mutualistic bacteria 
appear to be key factors in this nitrogen recycling (21–23). With 
genes encoding uricolytic enzymes, the mutualistic bacteria convert 
urea to ammonia, which can then be used to synthesize amino acids. 
Hence, the mutualists provide their hosts with the ability to cope 
with unfavorable nutritional conditions. In all reported cases, the 
animals fully rely on mutualistic relationships with endosymbiotic 
bacteria or gut bacteria (20, 23). There appear to be no reports of 
animals able to independently salvage or recycle nitrogen.

The whitefly, Bemisia tabaci (Gennadius), a well- known sap- 
feeding insect, is a devastating worldwide pest that comprises at 
least 30 cryptic species, among which the Mediterranean (MED) 
and Middle East- Asia Minor 1 (MEAM1) are the most widespread 
and damaging (24, 25). B. tabaci not only causes feeding damage but 
also transmits plant viruses and provokes fungal diseases, thereby 
seriously hampering agricultural production and causing billions in 
economic losses every year (26, 27). B. tabaci is highly polyphagous 
and shows tremendous host plant adaptability, which explains its 
extreme global spread (28, 29). Plants vary greatly in nitrogen con-
tents (30), which poses a considerable nutritional challenge to her-
bivorous insects (31, 32). Unraveling how B. tabaci is able to ensure 
an economic and stable nitrogen metabolism could aid in under-
standing how it survives on its many different host plants and be of 
great importance for crop protection. As it is increasingly evident 
that much of the whitefly’s metabolism is under control of horizon-
tally acquired genes (29, 33, 34), we hypothesized that such genes 
may also serve in its nitrogen metabolism.
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Here, we reveal that B. tabaci urea carboxylase (BtUCA) and 
B. tabaci allophanate hydrolase (BtAtzF), two bacteria- derived genes, 
are integrated into the B. tabaci genome and that these genes serve 
as key switches in the nitrogen metabolism, allowing for nitroge-
nous waste biosynthesis, as well as nitrogen recycling. These hori-
zontally acquired traits explain, at least in part, B. tabaci’s incredible 
host plant adaptability. They also provide clues as to why fertilizer 
applications often lead to whitefly outbreaks (35–38). These findings 
can be the basis for the development of new strategies to control this 
exceedingly important pest.

RESULTS
Construction of nitrogenous waste biosynthesis pathway 
in B. tabaci
We used a multi- omics approach to construct the complete nitroge-
nous waste biosynthesis pathway in B. tabaci MED (Fig. 1A). In the 
metabolome analysis, a total number of 1415 peaks were detected 
and, of these, 828 peaks representing 377 compounds were identified 
(Fig. 1B and table S1). These included uric acid and several predicted in-
termediates of uricolytic pathways including xanthine, allantoate, and 
urea (Fig. 1B), which suggests that B. tabaci MED is able to degrade 
uric acid. Further, an isotope labeling experiment was conducted to 
investigated the uricolytic pathway of B. tabaci MED. After being fed 
with 15N- labeled glutamic acid, 15N2- labeled urea, 15N- labeled aspar-
tic acid, 15N2- labeled asparagine, and 15N2- labeled glutamine were all 
detected in B. tabaci MED adults’ bodies (table S2). In addition, 15N- 
labeled aspartic acid, 15N2- labeled asparagine, and 15N2- labeled gluta-
mine were detected in the honeydew of B. tabaci MED (table S2).

We also mined the uricolytic pathways of B. tabaci MED and its 
symbionts. The results reveal that genes specifically encoded by 
B. tabaci MED largely control its uricolytic pathway, whereas none 
of the genes from its primary symbiont, Candidatus Portiera aleyro-
didarum, or from its secondary symbionts, Rickettsia sp., Candidatus 
Hamiltonella defense, and Cardinium endosymbiont, were involved 
in uric acid degradation (Fig. 1C, fig. S1, and table S3). Although 
allantoinase (hpxB), allantoinase (allB), and allantoicase (ALLC) are 
absent in the genome of B. tabaci (Fig. 1C), typical products of hpxB, 
allB, and ALLC were found in the metabolome (Fig. 1B), indicating 
that several genes in B. tabaci MED have the same function as hpxB, 
allB, and ALLC. We propose that that these as yet unidentified genes 
are results of evolutionary innovation and that the limited current 
knowledge on uricolytic pathways in hemipteran insects prevents us 
from detecting them.

Meta- transcriptome sequencing was further used to ensure that 
gut bacteria did not contribute to the biosynthesis of nitrogenous 
waste in their host. Although the constitution and function of gut 
bacteria varied considerably among different geographical strains of 
B. tabaci MED and on different host plants (Fig. 1D and fig. S2), in 
no case did they harbor genes to construct a complete uricolytic 
pathway (Fig. 1E). On the basis of these findings, we hypothesized 
that the entire chain of nitrogenous waste biosynthesis in B. tabaci 
MED is controlled by the insect itself and is independent of any sym-
biotic organisms.

Evidence for the horizontal transfer of BtUCA and BtAtzF 
from bacteria to B. tabaci
While constructing the nitrogenous waste biosynthesis pathway of 
B. tabaci MED, we identified and cloned BtUCA and BtAtzF, two 

common bacterial genes (fig. S3, A and D). The amino acid sequenc-
es of both BtUCA and BtAtzF were highly similar among the B. tabaci 
cryptic species (fig. S4, A and B), but blasting against GenBank data-
base revealed that, except for homologs of B. tabaci MEAM1 (for 
BtUCA, XP_018917734.1 and for BtAtzF, XP_018903453.1), their 
next closest homologs were all bacterial proteins. Subsequent phylo-
genetic analyses showed that BtUCA or BtAtzF clustered with homo-
logs of γ- bacteria (Fig.  2, C and F, and figs.  S5 and S6). Genomic 
analyses were performed to confirm that BtUCA and BtAtzF were 
inserted into the genome of B. tabaci MED, and the results showed 
that both genes were surrounded by insect genes. The BtUCA ge-
nomic region located at scaffold 7 and the BtAtzF genomic region 
located at scaffold 4 were accurately assembled (Fig.  2, A and D). 
Genomic regions of both genes and their surrounding genes of 
B. tabaci MED shared highly conserved synteny with B. tabaci 
MEAM1 (Fig. 2, B and E). Furthermore, polymerase chain reaction 
(PCR) amplification of those genomic regions confirmed the assem-
bly accuracy and ensured that both BtUCA and BtAtzF are integrated 
into the B. tabaci MED genome (Fig. 2, B and E, and fig. S7). Moreover, 
no homologs of either BtUCA or BtAtzF were identified in Trialeurodes 
vaporariorum, a sister taxon to B. tabaci MED and MEAM1. B. tabaci 
MED, B. tabaci MEAM1, B. tabaci Sub- Saharan Africa 1 (B. tabaci 
SSA1), B. tabaci Zhejiang1 (B. tabaci ZJ1), and B. tabaci New World 
(B. tabaci NW) belong to different genetic groups, across nearly all 
of the subgroups of B. tabaci cryptic species (25). It is therefore 
very likely that the two genes are present in the genome of all 
Bemisia species. We may presume that Bemisia acquired these genes 
between 86 and 35 million years ago when Bemisia had separated 
from Trialeurodes but had not yet divided into cryptic species (39).

The spatiotemporal expression profiles of BtUCA and BtAtzF
Next, the spatiotemporal expression patterns of BtUCA and BtAtzF 
were determined by real- time quantitative PCR (qPCR). Results 
showed that both BtUCA and BtAtzF were expressed across all the 
developmental stages of B. tabaci MED (egg, first- second- , third- , 
fourth- instar nymphs, adults) and in all parts of B. tabaci adult bod-
ies (head, thorax, abdomen, and wing). The transcript levels of both 
genes were significantly higher in the eggs than in the nymphs 
(fig. S3, B and E). Of all body parts, both genes were the most highly 
expressed in the head of B. tabaci adults (fig. S3, C and F). As the 
B. tabaci does not feed in the egg, the results are further proof that 
the measured gene expressions were not the result of bacterial con-
taminants in the food. BtUCA and BtAtzF showed remarkably simi-
lar patterns in their spatiotemporal expression profiles, suggesting 
that the genes act simultaneously in a common metabolism network.

Enzymatic activities of BtUCA and BtAtzF proteins mediating 
urea degradation
To confirm that BtUCA and BtAtzF show the same functionality as 
in their donors, they were heterogeneously expressed in Escherichia 
coli in vitro and their recombinant proteins were purified (Fig. 3, A 
and B). Biochemical assays showed that the purified recombinant 
BtUCA protein displayed adenosine triphosphate (ATP)–dependent 
carboxylase activity toward urea (Vmax = 39.54 μmol mg−1 min−1), 
and the purified recombinant BtAtzF exhibited ammonia- generating 
activity toward allophanate (Vmax = 81.21 μmol mg−1 min−1) (Fig. 3, 
A and B). Similar to previous reports (40, 41), our results suggested 
that BtUCA and BtAtzF retained their ancestral functions in urea 
degradation for B. tabaci.
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Roles of BtUCA and BtAtzF on commanding a unique 
nitrogenous waste biosynthesis pathway
To further verify that BtUCA and BtAtzF participate in nitrogenous 
waste biosynthesis as predicted (Fig. 1E), two RNA interference (RNAi) 
approaches were applied. In the first approach, RNAi was achieved by 
feeding whiteflies an artificial diet spiked with double- stranded RNA 
(dsRNA) (Fig. 3C); B. tabaci MED adults were fed a diet containing 
gene- specific dsRNA that targeted BtUCA or BtAtzF individually, or 

both genes at the same time. qPCR analyses showed that the transcript 
levels of BtUCA and BtAtzF were significantly decreased upon silencing 
(Fig. 3, D and E). Moreover, silencing BtUCA and BtAtzF and cosilenc-
ing both genes significantly raised the urea content in B. tabaci (Fig. 3F) 
and reduced the amino acid content in whitefly honeydew (Fig. 3G). As 
urea was predicted to convert to free amino acids and excreted in hon-
eydew, the results strongly indicate that BtUCA or BtAtzF participates 
in nitrogenous waste biosynthesis in B. tabaci.
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In the second approach, virus- induced gene silencing (VIGS) 
experiments with tobacco plants were performed to further test 
the roles of BtUCA and BtAtzF in nitrogenous waste biosynthe-
sis (Fig. 3H). Results from qPCR analyses showed that BtUCA 
and BtAtzF were significantly suppressed upon silencing (Fig. 3, 
I and K, and fig. S8, A and B). Knocking down either BtUCA, 
BtAtzF, or both genes at once significantly increased the urea 
content in B. tabaci (Fig. 3J and fig. S8C) and decreased the ac-
cumulation of amino acids in honeydew (Fig. 3L and fig. S8D). 
Hence, the results of the VIGS experiment were very similar to 
the results of the silencing via feeding capsules, and both RNAi 
approaches strongly suggested that BtUCA and BtAtzF play roles 
in nitrogenous waste biosynthesis.

Nitrogenous waste biosynthesis under high- nitrogen stress 
in B. tabaci
After confirming the unique way in which B. tabaci synthesizes 
nitrogenous waste, we tested the possible involvement of the 
bacteria- derived genes in how B. tabaci manages high- nitrogen 
stress. In the first series of experiments, B. tabaci adults were fed 

artificial diets with different nitrogen contents (Fig. 4A). Higher 
levels of nitrogen in an artificial diet resulted in increased ex-
pression levels of both genes as well as higher amino acid levels 
excreted in honeydew (Fig. 4, B, D, and E). The involvement that 
the two bacteria- derived genes help B. tabaci overcome high- 
nitrogen stress was further investigated via isotope labeling ap-
proaches (fig. S10A). Feeding B. tabaci an artificial diet spiked 
with 15N- labeled glutamic acid caused increased levels of 15N2- 
labeled asparagine (fig. S10B) and 15N2- labeled glutamine (fig. S10D) 
in their honeydew as well as high expression levels of both BtUCA 
and BtAtzF (fig. S10, C and E). In the second series of experi-
ments, we obtained similar results when B. tabaci were fed plants 
with different nitrogen contents, which was manipulated using 
different fertilization regimes (Fig.  4G). Again, the expression 
levels of BtUCA and BtAtzF and the content of amino acids in 
honeydew were significantly increased when the nitrogen con-
tents in their host plant were raised (Fig. 4, H, J, and K). These 
results imply that B. tabaci uses the horizontally acquired genes 
to synthesize more nitrogenous waste when they are faced with 
high- nitrogen stress.
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ns, not significant; one- way AnOvA with dunnett’s test was used for comparison.



Yang et al., Sci. Adv. 10, eadi3105 (2024)     2 February 2024

S c i e n c e  A d v A n c e S  |  R e S e A R c h  A R t i c l e

6 of 20

Involvement of BtUCA and BtAtzF in mitigating with 
high- nitrogen stress
To test the respective roles of BtUCA and BtAtzF in nitrogenous 
waste biosynthesis, the two abovementioned silencing approaches 
were also applied to confirm the roles of these genes in allowing the 
whiteflies to cope with high- nitrogen stress. In both cases, results 
from qPCR analyses showed that BtUCA and BtAtzF were signifi-
cantly suppressed upon silencing (fig.  S9, A to F). Silencing two 
genes via their diet more or less doubled urea levels in B. tabaci 
(Fig. 4C) and decreased the accumulations of amino acids in honey-
dew considerably (Fig. 4F). Knocking down both BtUCA and BtAtzF 
by having the whiteflies feed on cosilencing dsRNA- expressing 
transgenic tobacco plants also increased their urea contents, which 

was more than doubled (Fig. 4I and fig. S9G) and again significantly 
decreased the accumulations of amino acids in their honeydew 
(Fig. 4L and fig. S9H). This was the case for whiteflies that had been 
fed cosilencing transgenic tobacco plants for 5 or 9 days. Hence, 
both experiments showed that BtUCA and BtAtzF help the insect to 
adapt its nitrogen metabolism in accordance with the nitrogen levels 
in the diet.

Activation of nitrogenous waste recycling during 
nitrogen deficiency
It has previously been shown that the amino acid and total nitrogen 
content is the same among B. tabaci individuals that are fed cotton 
plants with different nitrogen levels (42). It is also known that some 

0 mg

25 mg

50 mg

2.5% 10%5%A B

D

C

F

H

E

G

30% 
sugar

Yeast 
extraction

Nitrogen 
fertilization

I

J LK

2d 4d
0.0

0.5

1.0

1.5

2.0

H
on

ey
de

w
 a

m
in

o 
ac

id
s

(µ
m

ol
 p

er
 in

se
ct

)

***
*** ***

***

10%
5%

2.5%

10%

5%

2.5%

2.5% 5% 10%
0.00

0.06

0.12

0.18

U
re

a
(n

m
ol

 p
er

 in
se

ct
)

Control dsEGFP
Cosilencing

ns ns
ns***

***
***

2.5% 5% 10%
0.0

0.8

1.6

2.4

H
on

ey
de

w
 a

m
in

o 
ac

id
s

(n
m

ol
 p

er
 in

se
ct

)

Control dsEGFP
Cosilencing

ns
ns

ns
***

***
***

5d 9d
0.0

1.5

3.0

4.5

H
on

ey
de

w
 a

m
in

o 
ac

id
s

(µ
m

ol
 p

er
 in

se
ct

)

***
***

50 mg
25 mg0 mg

50 mg
25 mg

0 mg

***
***

0 mg 25 mg 50 mg
0.0

0.1

0.2

0.3

U
re

a
(n

m
ol

 p
er

 in
se

ct
)

ns
***

ns
ns

***

***Control dsEGFP
Cosilencing

0 mg 25 mg 50 mg
0.0

1.8

3.6

5.4

H
on

ey
de

w
 a

m
in

o 
ac

id
s

(n
m

ol
 p

er
 in

se
ct

)

ns
*** ns

*** ns
***Control dsEGFP

Cosilencing

3d 5d 7d 9d
0

2

4

6

R
el

at
iv

e 
ex

pr
es

si
on

(fo
ld

)

BtAtzF

***
***

******
*** *** ***

***
0 mg 25 mg 50 mg

3d 5d 7d 9d
0

2

4

6

R
el

at
iv

e 
ex

pr
es

si
on

(fo
ld

)

0 mg 25 mg 50 mg BtUCA

***

*********
*** *** *** ***

1d 2d 3d 4d
0

2

4

6

R
el

at
iv

e 
ex

pr
es

si
on

(fo
ld

)

BtAtzF

*********
***

*** *** *** ***
2.5% 5% 10%

1d 2d 3d 4d
0

2

4

6

R
el

at
iv

e 
ex

pr
es

si
on

(fo
ld

)

BtUCA

************
*** *** *** ***

2.5% 5% 10%

Fig. 4. The role of BtUCA and BtAtzF in mitigating high- nitrogen stress in B. tabaci. (A) Schematic representation of the high- nitrogen stress assays in which B. tabaci 
adults were fed an artificial diet with different nitrogen contents. Whiteflies were initially reared on tobacco plants (without nitrogen supplement). then, the newly 
emerged whiteflies were collected and fed an artificial diet containing three different nitrogen levels (2.5%, 5%, or 10% yeast extract). (B, D, and E) the transcript levels of 
BtUCA (B) and BtAtzF (e) and the honeydew amino acid levels (d) after B. tabaci had fed a diet with different nitrogen contents for 4 days. (C and F) Urea content (c) and 
honeydew amino acid content (F) of B. tabaci post- RnAi. Gene- specific dsRnA (100 μg) of both BtUCA and BtAtzF was mixed into three different nitrogen contents, and the 
mixture was fed to insects for 96 hours. (G) Schematic representation of high- nitrogen stress assays in which B. tabaci adults were fed differently fertilized plants. to in-
crease the nitrogen content of tobacco plants, the plants were without (0 mg) or with nitrogen fertilization (25 and 50 mg). Whiteflies that had been kept on no nitrogen–
fertilized tobacco were transferred to the treated tobacco plants. (H, J, and K) the transcript levels of BtUCA (h) and BtAtzF (K) and the honeydew amino acid levels (J) after 
B. tabaci had fed a diet with different nitrogen levels for 4 days. (I and L) Urea content (i) and honeydew amino acid content (l) of B. tabaci post- RnAi after 9 days. data are 
presented as mean values ± SeM; n = 6 (B, c, e, F, h, i, K, and l) biologically independent samples; ***P < 0.001; one- way AnOvA with tukey’s test was used for comparison.



Yang et al., Sci. Adv. 10, eadi3105 (2024)     2 February 2024

S c i e n c e  A d v A n c e S  |  R e S e A R c h  A R t i c l e

7 of 20

insects use nitrogen recycling to acquire nitrogen elements from 
stored inorganic nitrogen to overcome nitrogen deficiencies (21, 
23). As uricolytic enzymes play pivotal roles in nitrogen recycling 
(17) and B. tabaci MED encoded BtUCA and BtAtzF, we predicted 
that B. tabaci may also have evolved a nitrogen recycling ability. To 
confirm this, the effects of nitrogen deficiency stress on two species 
of whiteflies were investigated. Adults from laboratory- reared B. tabaci 
MED tobacco strain were randomly selected to feed on nitrogen- 
rich diet or nitrogen- deficient diet (Fig. 5A and fig. S11A). B. tabaci 
showed no difference in performance after feeding for 2 days 
(fig. S11, F and G) or 4 days (Fig. 5, F and G) on these diets, in terms 
of survival and reproduction. The free amino acid content of 
B. tabaci on the two diets was also not significantly different (Fig. 5E 

and fig. S11E). However, feeding on nitrogen- deficient diet signifi-
cantly increased the expression levels of BtUCA and BtAtzF after 
2 days (fig. S11C) or 4 days (Fig. 5C). Feeding on nitrogen- deficient 
diet also significantly increased the levels of glutamate dehydroge-
nase (BtGDH), glutamine synthetase (BtGS), aspartate aminotrans-
ferase (BtaspC), branched- chain amino acid aminotransferase (BtilvE), 
diaminopimelate decarboxylase (BtlysA), and argininosuccinate lyase 
(BtargH) after 2 or 4 days of feeding (fig. S12, A to F), as did the 
enzymatic activities of the BtUCA and BtAtzF proteins (fig. S11B 
and Fig. 5B). In contrast, feeding on nitrogen- deficient diet signifi-
cantly reduced uric acid levels in B. tabaci (Fig. 5D and fig. S11D). 
These observations show that B. tabaci MED has an exceptional 
ability to recycle nitrogen when it is faced with insufficient nitrogen 
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levels in its diet. T. vaporariorum was also tested in this study. Simi-
lar to B. tabaci, feeding on nitrogen- deficient diet did not affect 
T. vaporariorum survival (fig.  S11G and Fig.  5G). In contrast to 
B. tabaci, in this related whitefly species, uric acid content was not 
affected by the different diets (fig. S11D and Fig. 5D) and free amino 
acid content and reproduction of T. vaporariorum significantly de-
creased when it fed the nitrogen- deficient diet (fig. S11E and Fig. 5, 
E and F). As T. vaporariorum does not have the two uricolytic en-
zymes UCA and AtzF, it may be unable to convert uric acid into 
amino acids (17, 21, 23); these differences between the insects of the 
Bemisia genus and T. vaporariorum further reinforce the notion that 
B. tabaci MED is inimitably able to recycle nitrogen.

The role of BtUCA and BtAtzF in controlling 
nitrogen recycling
We then used RNAi to fully confirm that BtUCA and BtAtzF are 
involved in nitrogen recycling in B. tabaci. Upon silencing either 
BtUCA or BtAtzF, or both genes, their expression levels and enzy-
matic activities of their encoded proteins significantly decreased 
(Fig. 5, H to K, and fig. S11, H to K). The expression levels of BtGDH, 
BtGS, BtaspC, BtilvE, BtlysA, and BtargH were also significantly 
decreased in silenced B. tabaci after feeding for 2 or 4 days (fig. S12, 
G and H). Knocking down both BtUCA and BtAtzF did not signifi-
cantly affect B. tabaci survival after 2 days (fig. S11O) or 4 days 
(Fig.  5O), but it significantly reduced its fecundity (Fig.  5N and 
fig. S11N). Silencing both genes also significantly inhibited uric acid 
degradation (Fig. 5L and fig. S11L) and reduced free amino acid 
content in honeydew (Fig. 5M and fig. S11M). In addition, the ex-
pression levels of some genes related to amino acid biosynthesis 
were also significantly affected after silencing (fig. S12, G and H). 
BtGDH, BtGS, and BtaspC serve in the biosynthesis of glutamate, 
which is the substrate for essential amino acids synthesis, and BtilvE, 
BtlysA, and BtargH mainly serve in the synthesis of the essential 
amino acids leucine, isoleucine, valine, lysine, and arginine (43, 44). 
Therefore, the decreased expression level of these genes indicates 
that the essential amino acid biosynthesis was decreased in B. tabaci 
when the two HTGs were silenced. Moreover, ammonia is generated 
by BtUCA and BtAtzF and serves to provide amino groups in amino 
acid biosynthesis, implying that the two HTGs play a vital role in 
biosynthesizing amino acids for nitrogen recycling. The above re-
sults show that BtUCA and BtAtzF are involved in nitrogen recy-
cling by B. tabaci MED.

Involvement of BtUCA and BtAtzF in mitigating with 
low- nitrogen stress
Nitrogen recycling helps insects to overcome nitrogen shortages and 
enhanced their nutritional adaption (21, 45). As nitrogen content in 
B. tabaci’s host plants can vary tremendously (30), we assumed that 
nitrogen recycling facilitates adaptation to distinct nitrogen levels 
during host plant switching. To investigate whether BtUCA and 
BtAtzF facilitate host adaptability in B. tabaci, we used hairpin RNA–
expressing transgenic tobacco plants to achieve RNAi (Fig. 6A). The 
transcript levels of both genes were significantly reduced after the 
whitefly fed transgenic tobacco (Fig. 6, B and C, and fig. S13, C and 
D). In nonsilenced B. tabaci, switching to low- nitrogen plants sig-
nificantly decreased uric acid content (Fig. 6D and fig. S13E), but did 
not significantly affect the free amino acid content, nor did it affect 
reproduction in B. tabaci (Fig. 6, E and F, and fig. S13, B and F). This 
was different when silencing both genes via the transformed tobacco 

plants. This resulted in significantly increased uric acid content 
(Fig. 6D and fig. S13E) and caused a significant decrease in amino 
acid content, as well as fecundity (Fig. 6, E and F, and fig. S13, B and 
F). Supplying some nitrogen improved fecundity and amino acid 
content of whitefly when BtUCA and BtAtzF were silenced (Fig. 6F 
and fig. S13B). The above observations imply that BtUCA and BtAtzF 
facilitate nitrogenous waste recycling and supply B. tabaci with ami-
no acids and maintain the insects’ reproductive capacity when the 
insects are faced with a nitrogen- deficient diet.

Potential of silencing BtUCA and BtAtzF to control B. tabaci
Our last experiments were performed to investigate the potential of 
blocking B. tabaci’s nitrogenous waste processing ability as a control 
strategy against this global pest (Fig. 7A). BtUCA and BtAtzF were 
silenced in B. tabaci by feeding it on the above- described transgenic 
tobacco. Results showed that, upon silencing, the survival rate 
(Fig. 7B) and reproduction of B. tabaci F0 adults (Fig. 7D) were sig-
nificantly reduced. Although the survival rate and development 
time of B. tabaci F1 eggs were not significantly affected, silencing 
both genes led to a significant reduction in survival rate and devel-
opment time of F1 nymphs (Fig. 7, F and H) and it also significantly 
reduced the fecundity of F1 adults (Fig.  7J). In T. vaporariorum, 
which is closely related to B. tabaci but does not encode homologs of 
BtUCA and BtAtzF, none of these performance parameters were af-
fected when feeding on the same transgenic tobacco (Fig. 7, C, E, G, 
I, and K). These latter results confirm that the genes are specific for 
B. tabaci and that a control approach with plant- mediated silencing 
will have no nontarget effects. Using transformed host plants to si-
lence BtUCA and BtAtzF, possibly in combination with other si-
lenced genes (29), has the potential to be an environmentally safe 
strategy for B. tabaci management.

DISCUSSION
In animals, the biosynthesis of nitrogenous waste serves to reduce 
the accumulation of toxic nitrogen intermediates and even to store 
nitrogen for conservation and recycling. Most terrestrial insects ex-
port nitrogenous waste as uric acid (urate salt), but some terrestrial 
insects, especially sap- feeding insects, excrete nitrogen in the form 
of amino acids (14–16). Our current knowledge of nitrogenous 
waste biosynthesis in sap- feeding insects is very limited. Here, we 
show that B. tabaci, a well- known sap- feeding insect, has evolved a 
uniquely efficient and economic capacity to cope with nitrogenous 
waste with the help of two bacteria- derived genes (Fig. 8).

BtUCA and BtAtzF mediate a low- cost nitrogenous waste 
biosynthesis in B. tabaci
As described above, unlike the majority of the extremely speciose 
terrestrial insects, sap- feeding insects excrete amino acid as waste. In 
most known cases, such as for the aphid Acyrthosiphon pisum and 
the planthopper Nilaparvata lugens, the biosynthesis of nitrogenous 
waste involves obligate symbionts (16, 46). The transport of nitrogen- 
containing compounds, such as amino acids and nucleotides, across 
cells requires specific transporters (47, 48) and comes with high en-
ergy costs for the insects (49), also when the biosynthesis is done by 
symbionts. By encoding the genes BtUCA and BtAtzF, B. tabaci does 
not have to depend on any symbionts for nitrogenous waste biosyn-
thesis and, thus, the acquisition of these horizontally transferred 
genes has allowed B. tabaci to greatly reduce energetic costs.
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Nitrogen recycling controlled by BtUCA and BtAtzF facilitates 
B. tabaci’s ability to adapt to its host plants
The intake of sufficient nitrogen is essential for all organisms. Nitrogen- 
based nutrition is also pivotal for insect performance (32), life span 
(50), and reproduction (31). Several insects are known to recycle nitro-
gen from their waste when faced with insufficient nitrogen in their diet. 
In cockroaches, termites, brown planthopper, oriental fruit fly, and 
turtle ants, waste recycling is regulated by obligated symbiont or gut 
bacteria (21, 23, 45, 51). We found that the symbionts and gut bacteria 
of B. tabaci do not show any urea hydrolysis capacity, and therefore 
speculated that the bacteria- derived genes BtUCA and BtAtzF control 
nitrogen recycling in B. tabaci via a mechanism that is not dependent 

on microorganisms. We found that the two HTGs enable B. tabaci to 
conserve and acquire supplemental nitrogen when the insect was 
switched from high- nitrogen plants to low- nitrogen plants. B. tabaci 
feeds on an exceedingly wide range of host plants (28) that have largely 
varying amino acid contents (30). Our findings explain, at least in part, 
this ability to adapt to so many host plants. Nitrogen recycling not only 
is important for the development of feeding stages of insects but also is 
known to supply nitrogen for insect egg development (23), which ex-
plains why BtUCA and BtAtzF were found to also be highly expressed 
in the eggs. The flexible nitrogen recycling mechanism conferred by the 
two bacteria- derived genes might have facilitated B. tabaci’s invasive-
ness and spread as a worldwide pest.
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BtUCA and BtAtzF provide insights into the importance of 
HTGs for the evolution of whiteflies
Horizontal gene transfer (HGT) is an important driving force for 
the adaptive evolution in prokaryotes and eukaryotes, especially in 
insects (52–55). The role of horizontally transferred genes (HTGs) 
in improving the adaptive capacity of recipient insects has been 
well documented (56, 57). However, insect HTGs have rarely been 
reported to participate in and change insects’ central metabolic 

processes. Here, we show that BtUCA and BtAtzF play such a role 
and account for a highly flexible and efficient exploitation of in-
gested nitrogen in whiteflies (Fig.  8). Hence, insect HTGs may 
carry out more essential tasks than previously recognized.

How such sophistication has evolved remains puzzling because 
HTGs can be expected to initially disrupt existing regulatory and 
physiological networks and potentially have major fitness costs for 
its recipients (58). This was likely also the case for BtUCA and 
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BtAtzF. The tightly linked expression patterns of BtUCA and BtAtzF 
add to the mystery behind their evolutionary history and how it led 
to their integration in the same regulatory network of the whitefly. 
Whitefly populations can consist of exceedingly large numbers of 
individuals, and each whitefly individual carries millions of micro-
organisms. With such numbers, even the rarest of events, like HGT, 
will occur with such frequency that occasionally some of them will 
be favored by natural selection and eventually contribute to new 
traits that benefit the recipient species. In the rarest of cases, as we 
show here, it may even result in two HTGs operating in conjunction 
with each other. It is now clear that HGT has frequently occurred in 
eukaryotes with high population densities and generational turn-
over (55), but how recipients integrated HTGs, and specifically how 
the expression of different HTGs is regulated and how the recipients 
adapted to the metabolic changes caused by HTGs, has rarely been 
studied. For now, we can conclude that BtUCA and BtAtzF are an 
integral part of a metabolic pathway and share tightly related expres-
sion patterns. We also show that, because of the expression of BtUCA 
and BtAtzF, B. tabaci is able to overcome this deleterious effect by 
producing amino acids (fig.  S12). Further investigations into the 

common features of BtUCA and BtAtzF may shed more light on how 
HTGs can be adopted and integrated by their recipients.

BtUCA and BtAtzF may provide insight into the coevolution 
between insect hosts and their gut bacteria
Besides B. tabaci, our screens also revealed two urea- degrading 
HTGs, urea amidolyases, in the lacewing Chrysoperla carnea ge-
nome (59) (table S5). Previously, a urea- degrading HTG, another 
urea amidolyases, was also reported for the mealybug Planococcus 
citri (60). Many urea- degrading HTGs have been identified in a 
wide range of fungi (61), suggesting that different HGT events may 
have contributed to convergent evolution in both fungi and insects.

Various insects, like cockroaches (21), termites (22), N. lugens 
(23), and ants (45), depend on mutualistic relationships with their 
symbionts or gut bacteria to mediate nitrogen recycling. Here, we 
show that B. tabaci has acquired two functional bacteria- derived 
genes, through HGT, that participate in a unique process of the bio-
synthesis and recycling of nitrogenous waste. A urea- degrading 
HTG has also been reported for the mealybug P. citri (60). Because 
P. citri is another well- known sap- feeding insect and harbors obligate 
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symbionts that help them obtain essential amino acid, we speculate 
that, similar to BtUCA and BtAtzF in B. tabaci, urea- degrading 
HTGs in P. citri may also contribute to nitrogenous waste biosyn-
thesis and nitrogen recycling. This would imply that the HGT may 
be of general evolutionary importance for sap- feeding insects, es-
pecially in mediating their nitrogenous waste cycling (Fig. 9).

A vast number of bacteria- derived HTGs have been reported 
for insects (54). Among them, a great number of these compensate 
for gene loss in obligate symbionts (55), especially in whitefly (33, 
43). It should be noted that we found no urea carboxylase or allo-
phanate hydrolases in the obligate symbionts of T. vaporariorum or 
of whitefly species of the genus Aleurodicus, which implies that 
BtUCA and BtAtzF are unlikely to originate from obligate symbi-
onts of B. tabaci, nor do they seem to compensate for a possible 
gene loss in such symbionts. Symbionts are not the only source of 
HTGs; several HTGs are also known to originate from gut bacteria 
(53, 55). We therefore speculate that, before acquiring BtUCA and 
BtAtzF, B. tabaci relied on gut bacteria for its nitrogen metabolism, 
as is for instance the case for herbivorous turtle ants (45). As gut 
bacteria are unstable and easily affected by environmental changes 
(62), the HGT of BtUCA and BtAtzF may have endowed B. tabaci 
with a more stable and reliable nitrogen metabolism.

These types of HGT events are reminiscent of the Chinese idiom 
in the Analects of Confucius “Relying upon oneself is better than 
relying on others.” Considering that no urea- degrading genes were 
identified in our meta- transcriptome analysis, we propose that 
B. tabaci has lost its urea- degrading bacteria after acquiring BtUCA 
and BtAtzF. Although further evidence is certainly needed, based 
on our findings, we speculate that HGT may be an important driv-
ing forcing in eliminating B. tabaci’s reliance on mutualistic relation-
ships with bacterial symbionts.

BtUCA and BtAtzF are potential targets for pest 
management strategies
Failure to eliminate nitrogen intermediates can lead to cell damage 
and even cell death, as ammonia can be highly cytotoxic (8). More-
over, insufficient conversion and/or excretion of nitrogenous waste 
can cause pathological changes. For example, in humans, uric acid 
causes gout when it is not normally exported (9). Peroxynitrite at-
tacks DNA and can lead to genome damage and cancers (7, 63). 
Here, we also show that silencing BtUCA and BtAtzF in B. tabaci 
had highly unfavorable effects when it was fed tobacco supplied 
with nitrogen fertilization. This is expected when the whitefly is un-
able to eliminate toxic nitrogenous compounds. Nitrogen fertiliza-
tion increases crop yield and is often an indispensable agricultural 
practice (64, 65), but is known to benefit the performance of B. tabaci 
and can lead to outbreaks (35–38). Blocking nitrogenous waste bio-
synthesis in combination with nitrogen fertilization may have po-
tential to control B. tabaci. As pest outbreaks resulting from nitrogen 
fertilization have been widely reported (66), interfering with nitrog-
enous waste biosynthesis could be a solution for other pests as well.

In brief, this study reveals that B. tabaci has acquired two bacte-
rial genes, BtUCA and BtAtzF, that control the whitefly’s highly ef-
ficient nitrogen cycling process. This insight into how B. tabaci 
copes with and exploits nitrogenous waste is particularly unique 
because it is a rare example of how two HTGs can evolve to work in 
tandem. Bacteria- derived HGT genes appear to be common in in-
sects (54, 55). Mining for more such genes in pest insects should 
provide further insights into how they have become so successful as 

pests and may reveal inspiring opportunities for the development of 
safe and efficient RNAi- based pest management strategies.

MATERIALS AND METHODS
Insect strains
The poinsettia strain of B. tabaci MED was collected from poinsettia 
(Euphorbia pulcherrima Wild. ex Klotz.) plant in Beijing in 2009, 
and it was subsequently transferred to cotton (Gossypium herbace-
um L. cv. DP99B) to establish a cotton strain. The poinsettia strain 
was also transferred to tobacco (Nicotiana tabacum K326) to estab-
lish the tobacco strains in 2015. The cotton strain and tobacco 
strain had been reared on their respective host plants for over 100 
generations and 45 generations, respectively, before being used in 
the experiments. The pepper strain was originally collected from 
cucumber plants in Beijing in 2011, and it was subsequently reared 
on pepper plants (44). Before being used in the experiments, this 
strain had been reared for over 80 generations on pepper. Two field 
samples of B. tabaci MED on tomato and eggplant plants were 
respectively collected in Shouguang, Shandong Province and 
Yuncheng, Shanxi Province in 2017 as previously described (67). 
Additionally, the greenhouse whitefly (T. vaporariorum) strain was 
provided by Y. Zhai at the Institute of Plant Protection, Shandong 
Academy of Agricultural Sciences, China in 2018, and it has been 
maintained on tobacco (N. tabacum K326) in our laboratory since 
then. All of the B. tabaci and T. vaporariorum strains were reared in 
an intelligence glasshouse at 27 ± 1°C, 60 to 80% relative humidity 
(RH), and 14- hour light/10- hour darkness.

Metabolite profiling
A total weight of 131 μg of B. tabaci MED adults (about 2500 ran-
domly mixed adults) from the laboratory- reared tobacco strain was 
collected and ground into powder in liquid nitrogen. The powder 
was solvent- extracted with 480 μl of methanol:chloroform (3:1, v/v). 
The extract was homogenized in a JXFSTPRP- 24 tissue grinder 
(Shanghai Jingxin Technology) for 4 min at 45 Hz and ultrasonically 
treated for 5 min in ice water. This process was repeated three times. 
After centrifugation at 12,000g for 15 min, the supernatant was col-
lected and dried using a TNG- T98 vacuum concentrator (Huamei 
Biochemical Instrument Factory). The dried supernatant was dis-
solved in 80 μl of methoxy amination hydrochloride (20 mg/ml in 
pyridine) and incubated for 30 min at 80°C. A total volume of 100 μl 
of the BSTFA [N,O- bis(trimethylsilyl)trifluoroacetamide] reagent 
containing 1% TMCS (trimethylchlorosilane; v/v) was added to the 
sample aliquots and incubated for 1.5 hours at 70°C. The extract was 
filtered through a 0.22- μm nylon membrane and stored at −20°C 
until use.

The extracts were analyzed using an Agilent 7890 gas chro-
matograph system equipped with a DB- 5MS capillary column 
(30- m  ×  250- μm inner diameter, 0.25- μm film thickness; J&W 
Scientific) and coupled to a Pegasus HT time- of- flight mass spec-
trometer. Helium was used as the carrier gas, and the gas flow rate 
through the column was 1 ml per min. The temperature of the 
column was initially kept at 50°C for 1 min, increased to 310°C at 
a rate of 10°C min per min, and held for 5 min at 310°C. Injector 
temperature was 280°C, whereas the temperature of the transfer 
line and ion source was 280°C and 250°C, respectively. After 
6.27 min (due to solvent delay), mass spectrometry (MS) data were 
acquired in full- scan mode at a rate of 20 spectra per second [mass/
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charge ratio (m/z) range from 50 to 500]. Chroma TOF 4.3X soft-
ware of LECO Corporation and LECO- Fiehn Rtx5 database were 
applied for metabolite identification by matching the mass spec-
trum and retention index (68).

Isotope labeling experiment
To further confirm the nitrogenous waste biosynthesis that we pre-
dicted, an isotope labeling experiment was conducted. During the 
processes, a total amount of 69 μg of B. tabaci MED adults (about 
1000 randomly mixed adults) was collected and reared in feeding 
dishes. The feeding dishes were placed in an MLR- 352H environ-
mental chamber (Panasonic) at 25°C and kept with a photoperiod of 
L14:D10 and 80% RH. Whitefly adults (freshly emerged within 
24 hours) were fed an artificial diet, which contained 0.4% (w/v) 15N- 
labeled glutamic acid. After 3 days, the whiteflies and their honey-
dew were collected. Each whitefly sample was ground into powder 
in liquid nitrogen, and the powder was solvent- extracted with 90% 
methanol solution. After centrifugation at 12,000g for 15 min, the 
supernatant was collected. In addition, honeydew produced by the 
whiteflies was sampled and solvent- extracted with 90% methanol 
solution. After centrifugation at 12,000g for 15 min, the supernatant 
was collected. Each supernatant was filtered through a 0.22- μm ny-
lon membrane and stored at −20°C until use.

Measurements of 15N- labeled urea and amino acids
The 15N2- labeled urea, 15N- labeled aspartic acid, 15N2- labeled 
asparagine, and 15N2- labeled glutamine were measured by liquid 
chromatography–MS (LC- MS) analysis. Before LC- MS analysis, 
the samples collected were diluted 100 times by 90% methanol 
solution. The chromatographic separations were performed on 
an Agilent 1290 Infinity LCsystem (Agilent Technologies). Ana-
lytes were separated on an Agilent InfinityLab Poroshell 120 
HILIC- Z column (2.1 mm × 100 mm). The column and autos-
ampler were maintained at 30°C and 4°C, respectively. The mo-
bile phase was 10% ammonium formate buffer (pH 3.0; 200 mM, 
mobile phase A) and 10% ammonium formate buffer (pH 3.0; 
200 mM) in acetonitrile (mobile phase B). The ultraperformance 
liquid chromatography (UPLC) separations were 20.5 min/sam-
ple using the following scheme: (i) 0 min, 100% B; (ii) 11.5 min, 
70% B; (iii) 15 min, 50% B; (iv) 17 min, 50% B; (v) 17.5 min, 
100% B; (vi) 20.5 min, 100% B. All the changes are linear, and 
the flow rate was set at 0.4 ml/min. Samples (2 μl) were injected 
for analysis by MS. Samples were analyzed by an Agilent 6495 
triple- quadrupole mass spectrometer (Agilent Technologies) 
using positive electrospray ionization (ESI) and scheduled mul-
tiple reaction monitoring (MRM) mode. Settings were as fol-
lows: capillary voltage, +4.0 kV; nozzle voltage, 500 V; nitrogen 
was applied as a nebulizer gas of 35 psi, a carrier gas of 14 liters/
min at 200°C, and a sheath gas of 12 liters/min at 250°C. MRM 
transitions, collision energies, and fragmentor voltages for 15N2- 
labeled urea, 15N- labeled aspartic acid, 15N2- labeled asparagine, 
and 15N2- labeled glutamine were auto- optimized by Optimizer 
of Agilent MassHunter workstation.

Sample collection, RNA extraction, and cDNA synthesis
Before investigating the expression profiles of BtUCA and BtAtzF 
via real- time quantitative PCR (qPCR), samples of different stages of 
B. tabaci MED were collected. During the processes, 2- day- old eggs, 
a mixture of first-  and second- instar nymphs (after having hatched 

for 48 hours), and 1- day- old third- instar nymphs and 1- day- old 
fourth- instar nymphs of B. tabaci MED from laboratory- reared to-
bacco strain were collected. Different parts of B. tabaci MED adults 
were also collected. The B. tabaci MED adults, which emerged with-
in 2 days, were collected. The heads, thoraxes, abdomens, and wings 
of collected adults were dissected. All the collected samples above 
were snap- frozen in liquid and used immediately or stored at −80°C 
until use.

Each sample was homogenized and extracted in TRIzol reagent 
(TaKaRa) according to the manufacturer’s instruction. The RNA in-
tegrity was checked by 1% agarose gel electrophoresis, and the RNA 
concentration was measured using a NanoDrop2000c spectropho-
tometer (Thermo Fisher Scientific). The qualified RNA samples 
were used for meta- transcriptome sequencing, for cDNA synthesis 
for gene cloning, or for qPCR experiments. For gene cloning, the 
first- strand cDNA was synthesized with PrimeScript II first strand 
cDNA synthesis kit (TaKaRa). For qPCR, first- strand cDNA was 
synthesized using PrimeScript RT kit (containing gDNA Eraser, 
Perfect Real Time) (TaKaRa). Each synthesized cDNA sample was 
used immediately or stored at −20°C until use.

Meta- transcriptome sequencing and analysis
To ensure that gut bacteria did not contribute to the biosynthesis of 
their host’s nitrogenous waste, meta- transcriptome sequencing was 
applied for qualitative analyses. To obtain a global view of the con-
tribution of gut bacteria to nitrogenous waste biosynthesis, four 
laboratory samples and two different geographical field samples 
were used. The laboratory samples included poinsettia, cotton, pep-
per, and tobacco strains of B. tabaci MED reared in our greenhouse 
as described above. For each sample, the total RNA of about 300 
adults was extracted, purified, and quantified as described above. 
RNA- sequencing libraries were prepared using the TruSeq Stranded 
Total RNA Library Prep Kit with Ribo- Zero Gold (Illumina) follow-
ing the manufacturer’s instructions. Subsequently, the constructed 
libraries were quantified, normalized, and sequenced via Illumina 
HiSeq2500 platform. The obtained paired- end 2  ×  150- bp (base 
pair) reads were deposited in the Sequence Read Archive (SRA; 
https://www.ncbi.nlm.nih.gov/sra) under the accession numbers 
SRR21290747 to SRR21290752.

Raw reads generated from each library were qualified and trimmed. 
To remove all the host- , endosymbiont- , and plant virus–derived reads, 
the clean reads were filtered out by mapping against genomes of B. tabaci, 
B. tabaci endosymbionts, and known plant viruses using Bowtie2 v2.3.5 
(https://sourceforge.net/projects/bowtie- bio/files/bowtie2/2.3.5/) 
(table S4). The remaining reads were assembled using Trinity v2.8.5 
(https://github.com/trinityrnaseq/trinityrnaseq/releases/tag/Trinity-
 v2.8.5). For each sample, the assembled transcripts were clustered and 
unigenes were filtered out. The finally obtained unigenes were used for 
microbial taxonomic classification and genetic capacity analysis. For 
microbial taxonomic identification, unigenes of each library were firstly 
blastp against the GenBank database (https://www.ncbi.nlm.nih.gov/). 
Taxonomic profiles of the unigenes were made based on the top hits. 
For genetic capacity analysis, unigenes were annotated with KOBAS 2.0 
(http://kobas.cbi.pku.edu.cn/) and unigenes involved in final nitroge-
nous waste biosynthesis were picked out.

Gene identification and cloning
To identify genes involved in nitrogenous waste metabolism in 
B. tabaci, the predicted gene sets of B. tabaci MED and its 

https://www.ncbi.nlm.nih.gov/sra
https://sourceforge.net/projects/bowtie-bio/files/bowtie2/2.3.5/
https://github.com/trinityrnaseq/trinityrnaseq/releases/tag/Trinity-v2.8.5
https://github.com/trinityrnaseq/trinityrnaseq/releases/tag/Trinity-v2.8.5
https://www.ncbi.nlm.nih.gov/
http://kobas.cbi.pku.edu.cn/
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endosymbionts were annotated by KOBAS 2.0. The predicted 
genes involved in final nitrogenous waste biosynthesis were picked 
out and rechecked by BLASTp against the GenBank database. The 
complete coding sequences of targeted genes were manually cor-
rected with B. tabaci MED transcriptome assemble dataset (44). To 
clone the complete coding sequences of both BtUCA and BtAtzF, 
specific primer pairs (table S6) were designed by Primer Premier 
5.0 (https://primer- premier- 5.software.informer.com/). First- strand 
cDNA was synthesized using the PrimeScript II 1st strand cDNA 
Synthesis Kit. The PCRs were conducted using LA Taq polymerase 
with high GC buffer (TaKaRa). The detailed programs of PCR were 
listed below: denaturing at 94°C for 10 min; cycling 35 times with 
the following parameters: denaturing at 94°C for 60 s, annealing at 
56° to 58°C (BtUCA, annealing at 56°C; BtAtzF, annealing at 58°C) 
for 60 s, and extension at 72°C for 2 to 4 min (BtUCA, extension 
for 4 min; BtAtzF, extension for 2 min); a final extension at 72°C 
for 10 min. The obtained amplicons of BtUCA and BtAtzF were 
purified, cloned into the pEASY- T1 vector (TransGen), and se-
quenced, and the finally obtained full- length cDNA sequences of 
both genes have been deposited in the GenBank database (BtUCA: 
GenBank accession no. ON513379; BtAtzF, GenBank accession 
no. ON513381).

Phylogenetic analysis
For the phylogenetic tree construction, the amino acid sequences of 
BtUCA and BtAtzF genes were used as queries to identify homologs 
by BLASTp search in the GenBank database. As the amino acid se-
quences of both genes are highly conserved among closely related 
species, we only selected representative proteins from distantly re-
lated species to avoid redundancy. Those sequences were respec-
tively aligned with MAFFT v7.311 using L- INS- I option (https://
mafft.cbrc.jp/alignment/software). Before constructing the phyloge-
netic trees, the best protein substitution matrixes were predicted by 
Prottest V3.4.2 (https://github.com/ddarriba/prottest3). The align-
ments were used to infer the phylogenetic tree by MrBayes V3.2.3 
(https://github.com/NBISweden/MrBayes/releases/tag/v3.2.3). For 
BtAtzF, the WAG + I + G + F protein substitution matrix was ap-
plied according to Prottest. For BtUCA, as the LG protein substitu-
tion matrix is not supported in MrBayes V3.2, phylogenies were 
inferred using a WAG + I + G + F protein substitution matrix. All 
the phylogenetic trees were displayed and annotated using iTol 
(https://itol.embl.de/).

Bioinformatic analysis
A bioinformatics approach was used to confirm the incorporation 
of BtUCA and BtAtzF into the B. tabaci MED genome as previously 
described (29). In brief, paired- end Illumina genomic sequencing 
reads of B. tabaci MED, B. tabaci MEAM1, B. tabaci AsianII3, 
B. tabaci SSA, and B. tabaci NW were respectively mapped to the 
B. tabaci MED genome with Bowtie2 (69). Paired- end illumine 
transcriptome sequencing reads of B. tabaci MED, B. tabaci 
MEAM1, B. tabaci AsianII3, and B. tabaci SSA ployA selected RNA 
were also mapped to the genome of the B. tabaci MED. The align-
ments were sorted with samtools v1.7 (https://github.com/samtools/
samtools/releases/tag/1.7) and visualized with IGV v2.5.3 (https://
data.broadinstitute.org/igv/projects/downloads/2.5/). Coverages of 
each alignment were also calculated by IGV. To possibly identify ho-
mologs of both BtUCA and BtAtzF in T. vaporariorum, we used 
tblastn approaches (70).

Genomic DNA isolation and cloning
A total number of 100 B. tabaci MED adults from the laboratory- 
reared tobacco strain was collected and ground into a powder in 
liquid nitrogen. Their genomic DNA (gDNA) was isolated using the 
TIANamp Genomic DNA Kit (TIANGEN) following the manufac-
turer’s instructions. The DNA integrity was checked by 1% agarose 
gel electrophoresis, and the DNA concentration was measured using 
a NanoDrop2000c spectrophotometer (Thermo Fisher Scientific). 
On the basis of the B. tabaci MED genome sequences, specific prim-
ers were designed by Primer Premier 5.0 to amplify the intergenic 
genomic regions of the BtUCA, BtAtzF, and their neighboring 
genes. Amplicons of each PCR were purified, cloned into the 
pEASY- T1 vector, and sequenced.

qPCR analysis
The expression levels of target genes were quantified using the 
QuantStudio 3 Real- Time PCR System (Applied Biosystems). On 
the basis of the obtained coding sequences of BtUCA and BtAtzF, 
specific primer pairs of both genes (table  S6) were designed by 
Primer Premier 5.0. The amplification specificity of primer pairs was 
confirmed by the occurrence of a single peak in a melting curve fol-
lowing qPCR. The amplification efficiencies of primers were 90% to 
110%. Each primer pair with proper amplification specificity and 
efficiency was used in qPCRs with 2.5 × SYBR Green MasterMix Kit 
(TIANGEN). Three- step qPCR programs were applied. Besides an-
nealing temperatures (BtUCA, 59°C; BtAtzF, 58°C), other parame-
ters of qPCR program followed the manufacturer’s instructions. 
Primer pairs of amino acid synthesis genes were designed and se-
lected, and qPCR experiments were conducted as described above. 
For relative quantification, elongation factor 1α (EF1-  α) (GenBank 
accession no. EE600682) was selected as a reference gene. The rela-
tive expression level of each gene was calculated according to the 
2−ΔΔCt method (71).

Heterologous expression and protein purification
To estimate the catalytic activity of BtUCA and BtAtzF, the re-
combinant proteins were heterologously expressed in E. coli 
BL21. Coding sequences of both genes were respectively sub-
cloned into the pET28a vector. The two recombinant vectors 
were separately transformed into E. coli BL21. Single positive 
transformed colonies were selected and sequenced. Later, the 
corrected single positive transformed colony of each gene was 
incubated overnight at 37°C in 5 ml of LB medium [containing 
kanamycin (100 μg/ml)]. A total volume of 1 ml of each incuba-
tion was individually added to a 100- ml LB medium [containing 
kanamycin (100 μg/ml)] and incubated at 37°C. Isopropyl β-  d- 
thiogalactopyranoside (IPTG) solution (0.5 mM, Solarbio) was 
added to LB culture when OD600 (optical density at 600 nm) of 
culture reached 0.1. The incubation was grown at 20°C, 120 rpm 
for 4.5 hours before harvesting by centrifugation at 3000g for 
5 min at 4°C. The pellets were thawed and dissolved in 4 ml of 
phosphate- buffered saline (PBS) buffer [pH 7.4, containing 1 mM 
phenylmethylsulfonyl fluoride (PMSF)]. After incubating with 
lysozyme (Solarbio) for 60 min, cell debris was removed by 
centrifugation for 20 min at 12,000g at 4°C and the supernatant 
was collected. The two recombinant proteins were further puri-
fied using Amicon Pro Purification System (Millipore). Briefly, 
the proteins were eluted with buffer A (50 mM tris- HCl, 200 
mM NaCl, and imidazole gradient ranging from 50 to 250 nM, 

https://primer-premier-5.software.informer.com/
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pH 8.3). To remove imidazole, each elution was added to a Hi-
Trap desalting column (GE Healthcare) with buffer B (50 mM 
tris- HCl, pH 8.3). Finally, ultrafiltration of the recombinant 
proteins was performed with a 30- kDa cutoff Amicon Ultra- 0.5 
Device (Millipore). The final purified recombinant proteins 
were mixed with a 5 ×  SDS loading buffer, separated by SDS–
polyacrylamide gel electrophoresis (PAGE) (BtUCA, 10% acryl-
amide gel; BtAtzF, 12% acrylamide gel), and stained with 0.1% 
Coomassie blue R- 250 in water.

Enzyme activity assays
The kinetic assays of the recombinant proteins BtUCA and BtAtzF 
were performed at 25°C in a Spectra M2e (Molecular Devices) mi-
croplate reader. The kinetic assay of BtUCA was performed as de-
scribed in a previous study (40). In brief, the reaction mixture 
contained 50 mM Hepes buffer, 50 mM KCl, 8 mM MgSO4, 1 mM 
ATP, 1.5 mM phosphoenolpyruvate, 8 mM KHCO3, 0.15 mM 
NADPH (reduced form of nicotinamide adenine dinucleotide phos-
phate), urea at different concentrations, 10 U of pyruvate kinase 
(Solarbio), 25 U of lactate dehydrogenase (Solarbio), and 1 μg of 
BtUCA. The BtUCA activity was monitored spectrophotometrically 
by coupling the adenosine diphosphate (ADP)–forming reaction 
with the reactions catalyzed by pyruvate kinase and lactate dehydro-
genase. The reaction was determined at 340 nm. One unit of enzyme 
activity was defined as 1 μM nicotinamide adenine dinucleotide 
(NAD) formed per minute.

Before performing the kinetic assay with BtAtzF, potassium al-
lophanate was synthesized using ethyl allophanate (Sigma- Aldrich) 
and quantified based on a previous study (41). The kinetic assay of 
BtAtzF was performed as described elsewhere (72). The reaction 
mixture comprised 100 mM tris- HCl, 1 μM EDTA, 3 mM MgCl2, 
19.5 mM potassium chloride, 200 U of glutamate dehydrogenase 
(GLDH) (Solarbio), 50 mM oxoglutaric acid, 0.3 mM NADPH, po-
tassium allophanate at different concentrations, and 1 μg of 
BtAtzF. The BtAtzF activity was measured by coupling ammonium 
release to NADH [reduced form of nicotinamide adenine dinucleo-
tide (oxidized form)] to NAD conversion through GLDH. The reac-
tion was determined at 340 nm, and 1 U of enzyme activity was 
defined as 1 μM NAD formed per minute.

dsRNA preparation for RNAi by direct feeding
To investigate the roles of BtUCA and BtAtzF in B. tabaci, an RNAi 
approach by feeding them dsRNA via an artificial diet was first ap-
plied. The dsRNA of each gene was synthesized as follows. On the 
basis of the coding sequence of BtUCA and BtAtzF, gene- specific 
primers including a T7 promoter sequence (table  S6) for dsRNA 
synthesis were designed by Primer Premier 5.0. A 476- bp fragment 
of BtUCA and a 461- bp fragment of BtAtzF were respectively cloned 
for dsRNA synthesis. To avoid potential off- target effects, we further 
did a BLASTn search of the designed dsRNA fragments in the 
GenBank and B. tabaci genome databases, and no hits to any other 
homologous genes were detected, further confirming the dsRNA 
specificity. The dsRNA of each gene was synthesized with T7 
RiboMAX Express RNAi system (Promega) according to the manu-
facturer’s instructions. The dsRNA of enhanced green fluorescent 
protein (EGFP) gene (GenBank accession no. KC896843) was syn-
thesized and used as the negative control. The thus different gener-
ated dsRNAs were used in feeding assays with an artificial diet 
(see below).

Preparation of VIGS plants for RNAi
VIGS assays were also used to explore the role of BtUCA and BtAtzF 
in B. tabaci nitrogenous waste. Virus vectors for VIGS have been 
described previously (29). The experimental process is shown in 
Fig.  3H. A 453- bp fragment of BtUCA and a 438- bp fragment of 
BtAtzF were respectively cloned via specific primer pairs (table S6). 
The amplicons were respectively cloned into Eco RI–Bam HI–cut 
pTRV2 to construct pTRV2- dsBtUCA and pTRV2- dsBtAtzF. Next, 
the amplicons were also tandemly inserted into Eco RI–Bam HI–cut 
pTRV2 to construct pTRV2- cosilencing vector with the In- Fusion 
HD Cloning Kit (TaKaRa) following the manufacturer’s instruc-
tions. A 469- bp fragment of the EGFP gene (GenBank accession no. 
KC896843) was cloned using specific primers (table  S6), and the 
PCR product was cloned into Eco RI–Bam HI–cut pTRV2 to 
construct pTRV2- EGFP. The pTRV1, pTRV2- dsBtUCA, pTRV2- 
dsBtAtzF, and pTRV2- cosilencing vectors were separately trans-
ferred into Agrobacterium tumefaciens GV3101 by electroporation. 
LB agar plates [rifampicin (100 μg/ml), kanamycin (50 μg/ml)] were 
used to screen for positive clones, and the clones were validated by 
PCR amplification.

The A. tumefaciens GV3101 harboring pTRV1 or pTRV2 with 
the desired fragment was added to 5 ml of liquid LB medium [rifam-
picin (100 μg/ml) and kanamycin (50 μg/ml)]. The cultures were 
incubated at 28°C, 200 rpm shaking and kept for 18 hours. Then, 4- ml 
volume of each culture was added to 96- ml flesh liquid LB me-
dium [rifampicin (100 μg/ml), kanamycin (50 μg/ml), 200 μM 
acetosyringone, and 10 mM MES]. The cultures were later incubated 
at 28°C, shaken at 200 rpm, and kept for 18 hours. Later, the bac-
terium was harvested by centrifuging the culture at 3000g for 10 min. 
The pellets were washed using an infiltration medium (200 μM aceto-
syringone, 10 mM MES, and 10 mM MgCl2). Finally, all bacterial 
strains were resuspended in an infiltration medium until their 
OD600 reached 0.4. Each GV3101 containing pTRV2 with the de-
sired fragment was mixed with an equal volume of GV3101 containing 
pTRV1. The mixtures were injected into the two largest leaves of 
tobacco (N. tabacum K326) using a 1- ml needleless syringe. The to-
bacco plants were kept in an MLR- 352H environmental chamber 
(Panasonic) at 25 ± 1°C, 70 ± 10% RH, at a photoperiod of L16:D8. 
After 3 weeks, PCR was performed to determine whether the VIGS 
vectors were successfully infected with VIGS- specific primers 
(table S6). The infected tobacco plants were selected for further study.

Preparation of hairpin RNA–expressing transgenic tobacco 
plants for RNAi
The third RNAi approach to investigate the true importance of 
BtUCA and BtAtzF involved hairpin RNA–expressing transgenic 
tobacco. To create the transgenic tobacco lines, we introduced the 
hairpin RNA expression vector (pCAMBIA- RNAi- cosilencing) into 
N. tabacum K326 plants. A fragment of BtUCA and BtAtzF was 
respectively cloned from B. tabaci MED using specific primers 
(table S6). The purified PCR product was tandemly inserted into Xho 
I–Bgl II–cut pCAMBIA- RNAi and reversely tandemly inserted into 
Bam HI–Sal I–cut pCAMBIA- RNAi. The constructed pCAMBIA- 
RNAi- cosilencing vector was transformed into A. tumefaciens 
GV3101 by electroporation. The A. tumefaciens GV3101- based 
transformation was used to transfer the constructed plasmid into 
tobacco. To verify the success of the transformation, gDNA of puta-
tive transgenic tobacco leaves was extracted using the Plant Genom-
ic DNA Kit (TIANGEN), and the extracted gDNA was subjected to 
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PCR using detection primers (table S6). The selected T0 transgenic 
tobacco plants were allowed to self- fertilize. The T1 transgenic to-
bacco plants were selected by kanamycin (50 mg/liter) containing 
germination medium and PCR verification. Later, the selected T1 
transgenic tobacco plants were allowed to self- fertilize. The homo-
zygous transgenic tobacco plants were filtered out by germination 
medium [containing kanamycin (50 mg/liter)] and PCR verification.

Feeding assays with dsRNA to investigate the roles of BtUCA 
and BtAtzF in nitrogenous waste biosynthesis
To confirm the importance of BtUCA and BtAtzF in processing 
nitrogen in B. tabaci, we first studied their involvement in produc-
ing nitrogenous waste using the dsRNA feeding RNAi approach. 
The assays were performed as described previously (29). Feeding 
dishes (see Fig. 3C) were placed in an MLR- 352H environmental 
chamber (Panasonic) at 25°C and with a photoperiod of L14:D10 
and 80% RH. Whitefly adults (freshly emerged within 24 hours) 
were fed an artificial diet, which was supplemented with the 
dsRNA of only BtUCA, of only BtAtzF, or of both genes. The two 
control treatments involved diet without dsRNA or dsRNA of 
EGFP. Each treatment involved 300 B. tabaci adults from the 
laboratory- reared tobacco strain. After feeding for 4 days, the 
adult whiteflies were collected and the expression levels of targeted 
genes and urea contents were measured. In addition, we measured 
the levels of free amino acids in the whiteflies’ honeydew. Each 
experiment was replicated six times.

VIGS plant–mediated RNAi to investigating the roles of 
BtUCA and BtAtzF in nitrogenous waste biosynthesis
To further investigate the role of BtUCA and BtAtzF in B. tabaci ni-
trogenous waste biosynthesis, the second abovementioned RNAi 
approach (via VIGS plants) was applied. This involved feeding the 
whiteflies in cages on the generated VIGS plants, again silencing one 
of the two genes or both. Control plants were either not transformed 
or transformed with a fragment of the EGFP gene, as described 
above. Each treatment involved 350 B. tabaci adults from the 
laboratory- reared tobacco strain. After feeding for 3, 5, 7, and 9 days, 
the adult whiteflies were collected and their expression levels of 
targeted genes and urea contents were measured. The contents of 
free amino acid in the whiteflies’ waste were also assessed. Each 
experiment was replicated six times.

High- nitrogen stress assay
After confirming the unique nitrogenous waste biosynthesis mecha-
nism in B. tabaci, we also investigated how high- nitrogen stress af-
fected the biosynthetic process. In a first series of experiments, 
whitefly adults (freshly emerged within 24 hours) were fed a sucrose 
solution (30% sucrose, w/v) containing different levels of nitrogen 
(2.5% yeast extract, 5% yeast extract, and 10% yeast extract). The 
yeast extract was purchased from OXOID (LP0021), which contains 
5.1% amino nitrogen. The feeding experiment was conducted in 
feeding chambers using the dsRNA- feeding RNAi approach 
(Fig.  4A). Each treatment contained 350 B. tabaci adults from 
the laboratory- reared tobacco strain. After feeding for 1, 2, 3, and 
4 days, the whitefly adults were collected and the content of amino 
acids in their honeydew was determined. The expression levels of 
BtUCA and BtAtzF were assessed by qPCR. In addition, a series of 
isotope labeling experiments was conducted to further study the 
products resulting from nitrogenous waste biosynthesis in B. tabaci 

MED under high- nitrogen stress. Whitefly adults (freshly emerged 
within 24 hours) were fed a sucrose solution (30% sucrose, w/v) 
containing different levels of nitrogen (0.2% yeast extract + 0.1% 
15N- labeled glutamic acid, 0.2% yeast extract + 0.2% 15N- labeled 
glutamic acid, and 0.2% yeast extract + 0.4% 15N- labeled glutamic 
acid, w/v). The feeding experiments were conducted in feeding 
chambers as described above. For each treatment, we used 350 B. tabaci 
adults from the laboratory- reared tobacco strain. After feeding for 2 
and 4 days, the whitefly adults were collected and the 15N2- labeled 
asparagine and 15N2- labeled glutamine contents in their honeydew 
were determined. The expression levels of BtUCA and BtAtzF were 
also assessed by qPCR.

In a second series of experiments, tobacco plants were supplied 
with different levels of fertilization (0, 25, and 50 mg) and 350 
newly emerged (within 2 days) whitefly adults reared on tobacco 
without nitrogen fertilization were collected and placed into clip 
cages. The clip cages were fixed on leaves of the differently treated 
tobacco plants (Fig. 4G). After feeding for 3, 5, 7, and 9 days, the 
whitefly adults were collected and the content of amino acids in 
their honeydew was determined. The expression levels of BtUCA 
and BtAtzF were also assessed by qPCR.

Determining the roles of BtUCA and BtAtzF in mitigating the 
effects of high- nitrogen stress
After confirming that high- nitrogen stress promotes nitroge-
nous waste biosynthesis in B. tabaci, we next investigated the 
roles of BtUCA and BtAtzF in mitigating high- nitrogen stress, 
using the two described RNAi approach (via dsRNA- feeding 
and hairpin RNA–expressing transgenic tobacco plants). In 
dsRNA- feeding approach, the dsRNA of BtUCA and BtAtzF was 
synthesized as described above. B. tabaci MED adults (freshly 
emerged within 24 hours) were fed with different nitrogen- 
containing (2.5% yeast extract, 5% yeast extract, and 10% yeast 
extract) sucrose solution (30% sucrose, w/v) with or without the 
two dsRNAs. The feeding experiments were also conducted in 
feeding chambers as RNAi treatments. Each treatment con-
tained 350 B. tabaci adults from the laboratory- reared tobacco 
strain. After feeding for 4 days, the whitefly adults were collected. 
The urea content of B. tabaci adults and amino acid content in 
the whiteflies’ honeydew was determined. The expression levels 
of BtUCA and BtAtzF were assessed by qPCR. Each experiment 
was replicated six times. In all the assays, the dsRNA of EGFP 
used as the negative control and whitefly adults fed a sucrose 
solution without dsRNA were used as controls.

For RNAi assays with hairpin RNA–expressing transgenic to-
bacco plant, the dsEGFP- expressing and cosilencing transgenic 
tobacco plants were supplied with different levels of fertilization 
(0, 25, and 50 mg). A number of 350 newly emerged (within 2 days) 
whitefly adults reared on wild- type tobacco without nitrogen 
fertilization were collected and placed into clip cages. The clip 
cages were fixed on leaves of the differently treated tobacco 
plants. After feeding for 5 and 9 days, the whitefly adults were 
collected. The urea content of B. tabaci adults and the content of 
amino acids in their honeydew were determined. The expres-
sion levels of BtUCA and BtAtzF were assessed by qPCR. Each 
experiment was replicated six times. In all the assays, the white-
fly adults fed dsEGFP- expressing tobacco plants were used as 
the negative control and whitefly adults fed wild- type tobacco 
plants were used as controls.
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Urea and uric acid concentration measurements
For each sample, 100 B. tabaci MED adults were collected. The col-
lected whiteflies were immediately frozen in liquid nitrogen and 
stored at −80°C until use. Urea concentration in each sample was 
assessed using the Urea Assay Kit (Colorimetric, Abcam) following 
the manufacturer’s protocols. For each test, 50 B. tabaci MED adults 
were homogenized to determine urea concentration. Uric acid con-
centration in each sample was assessed using the Micro Uric Acid 
(UA) Content Assay Kit (Solarbio) following the manufacturer’s 
protocols.

Honeydew collection and amino acid quantification
Honeydew in feeding chambers and clip cages was collected as pre-
viously described (29). After collection, each sample was immedi-
ately frozen in liquid nitrogen and stored at −80°C until use. The 
honeydew samples were dissolved in 800 μl of methanol, and after 
centrifuging the solution at 12,000g for 15 min, the supernatant was 
collected and dried. The dried supernatant was dissolved in 150 μl of 
Extracted Buffer (Solarbio) to measure free amino acid concentra-
tions using the Micro Amino Acid (AA) Content Assay Kit (Solar-
bio) according to the manufacturer’s instructions.

Nitrogen deficiency stress assays
Next, we investigated if BtUCA and BtAtzF help B. tabaci to recycle 
nitrogen under nitrogen deficiency stress. Before determining the 
whitefly’s nitrogen recycling capacity, the effects of nitrogen defi-
ciency stress on B. tabaci were measured. First, nearly 1000 B. tabaci 
adults and T. vaporariorum from the laboratory- reared tobacco 
strain were reared on wild- type tobacco with standard nitrogen fer-
tilization (50 mg per plant) for one generation. The newly emerged 
(within 24 hours) whitefly adults were collected and transferred to 
feeding chambers, where they were fed with either a nitrogen- rich 
artificial diet (5% yeast extract and 30% sucrose, w/v) or a nitrogen- 
deficient diet (30% sucrose, w/v). These feeding treatments were 
also performed for RNAi assays, as above. Each treatment involved 
350 B. tabaci adults from the laboratory- reared tobacco strain. 
Adults were collected after feeding on the different diets for 48 and 
96 hours. After RNAi silencing, 50 whitefly adults were used for 
qPCR, 100 whitefly adults were used to assess uric acid content, and 
200 whitefly adults were used to determine amino acid content. 
To measure fecundity, 80 whitefly females (freshly emerged 
within 24 hours) were similarly fed an artificial diet of different 
nitrogen levels in the feeding chambers. After feeding for 48 and 
96 hours on these diets, five whitefly females were randomly collected 
and placed in one clip cage and that was attached to a tobacco leaf. 
After 3 days, the numbers of whitefly eggs they had laid on the leaves 
were recorded.

Determining the roles of BtUCA and BtAtzF in 
nitrogen recycling
The importance of BtUCA and BtAtzF for nitrogen recycling was 
further investigated by feeding B. tabaci MED F1 adults (reared on 
50 mg of nitrogen- fertilized tobacco and freshly emerged within 
24 hours) with a nitrogen- free artificial diet (30% sucrose, w/v) with 
or without the two different types of dsRNA. As described above, the 
experiments were performed in feeding chambers, and each treat-
ment involved about 430 whiteflies. The B. tabaci MED adults were 
collected after feeding on the different diets for 48 and 96 hours. 
After silencing, 40 whitefly adults were used for qPCR, 80 whitefly 

adults were used to measure enzymatic activity, 100 whitefly adults 
were used to access uric acid content, and 200 whitefly adults were 
used to determine amino acid content. For fecundity measurements, 
80 whitefly females (freshly emerged within 24 hours) were fed with 
the different types of artificial diets in feeding chambers. After feed-
ing for 48 and 96 hours, five whitefly females per treatment were 
randomly collected and placed in a clip cage attached to a tobacco 
leaf for 3 days. The number of eggs they had laid was recorded. In all 
the assays, the whitefly adults fed dsEGFP- expressing tobacco plants 
were used as the negative control and whitefly adults fed wild- type 
tobacco plants were used as standard controls.

Free amino acid quantification
For each sample, 200 B. tabaci MED adults of a particular treatment 
were collected. The collected whiteflies were immediately frozen in 
liquid nitrogen and stored at −80°C until use. For each test, the col-
lected whiteflies were homogenized and extracted in in 150 μl of 
Extracted Buffer (Solarbio). After centrifuging the solution at 3000g 
for 5 min, the supernatant was collected, which was used to measure 
free amino acid concentrations using the Micro Amino Acid (AA) 
Content Assay Kit (Solarbio) according to the manufacturer’s in-
structions.

Host switching assays
The importance of BtUCA and BtAtzF in allowing B. tabaci to 
switch between host plants with distinctly different nitrogen con-
tents was further investigated. To avoid the differences in anti- 
insect response among different plants, we used tobacco plants 
that received different nitrogen fertilization regimes. Before per-
forming the experiment, nearly 1000 B. tabaci adults from the 
laboratory- reared tobacco strain were fed wild- type tobacco with 
standard nitrogen fertilization (50 mg per plant) for one genera-
tion. The newly emerged (within 24 hours) whitefly F1 adults were 
placed into clip cages and reared on differently treated transgenic 
tobacco plants. The four treatments included dsEGFP transgenic to-
bacco plants with or without nitrogen fertilization (50 mg per to-
bacco), as well as cosilencing transgenic tobacco plants with or 
without nitrogen fertilization (10 mg per tobacco). To determine 
the impact of BtUCA and BtAtzF on gene expression levels, enzy-
matic activity, uric acid content, and free amino acid content, an 
additional clip cage experiment was performed. Because of the size 
limitations of the clip cages, each treatment involved eight clip 
cages, with about 60 whitefly adults each. After feeding for 3, 5, 7, 
and 9 days, the whitefly adults were collected. Fifty whitefly adults 
were used for qPCR, and 80 whitefly adults were collected to mea-
sure enzymatic activity. A total of 100 whitefly adults were used to 
assess uric acid content, and 200 whitefly adults were used to de-
termine amino acid content. In each case, there were six biological 
replicates. To determine the impact of BtUCA and BtAtzF on 
whitefly reproduction, we conducted an additional experiment for 
which five newly emerged whitefly females were placed in single 
clip cages. Each clip cage was fixed on treated transgenic tobacco 
plants. After rearing for 3, 5, 7, and 9 days, the numbers of whitefly 
eggs on the plants were recorded. Each experiment involved 20 
biological replicates. In all the assays, whitefly adults feeding on 
dsEGFP- expressing tobacco plants without nitrogen fertilization 
were used as the negative control and whitefly adults feeding on 
dsEGFP- expressing tobacco plants with nitrogen fertilization were 
used as standard controls.
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RNAi- based B. tabaci control
A series of experiments was conducted to investigate the potential of 
silencing BtUCA and BtAtzF in B. tabaci for pest management. To 
determine the lethal effects of BtUCA and BtAtzF silencing on 
B. tabaci F0 adults, 20 newly emerged (within 2 days) whitefly adults 
from the laboratory- reared tobacco strain were placed in a clip cage 
and fixed on a leaf of a dsEGFP transgenic tobacco plant or of a co-
silencing transgenic tobacco plant. The survival of whitefly adults in 
each clip cage was recorded every day. A total of six biological repli-
cates were used for this experiment. To determine the effects of 
BtUCA and BtAtzF on B. tabaci F0 reproduction, five newly emerged 
(within 2 days) whitefly females were placed in one clip cage and 
fixed on a dsEGFP transgenic tobacco plant or a cosilencing trans-
genic tobacco plant. The number of eggs that they laid was recorded 
every 5 days. Because of the lethal effects of silencing BtUCA and 
BtAtzF, only the first 15 days were recorded. To determine the effects 
of silencing BtUCA and BtAtzF on B. tabaci F1 nymph survival and 
development, 20 newly emerged (within 2 days) whitefly females 
were placed in a clip cage and fixed on different treated tobacco 
plants. After 2 days, the whitefly eggs were counted. The develop-
mental period and survival rate of the F1 were recorded. In addition, 
to determine the effects of silencing BtUCA and BtAtzF on B. tabaci 
F1 adult reproduction, five newly emerged (within 2 days) whitefly 
F1 females were placed in a clip cage and fixed on a dsEGFP or a 
cosilencing transgenic tobacco plant. Again, egg production was re-
corded every 5 days for a total of 15 days. Similar to B. tabaci, efforts 
of silencing BtUCA and BtAtzF on the T. vaporariorum F0 and 
T. vaporariorum F1 were also determined. For all experiments, 20 
biological replicates were used, and in all cases, the plants were fer-
tilized with nitrogen (50 mg per plant) every 5 days.

Statistical analysis
All the data were analyzed using the IBM SPSS Statistics (ver. 23.0) 
software (IBM Corp.). Data are shown as means ± SEM. For pair-
wise comparisons, the data statistical significance was determined 
using Student’s t test. For multiple comparisons, the data statistical 
significance was determined using one- way analysis of variance 
(ANOVA) with Tukey’s test or Dunnett’s test, as indicated in the fig-
ure legends. Significance was reported as *P  <  0.05, **P  <  0.01, 
***P < 0.001.
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