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Abstract 22 

Background: Lactose malabsorption occurs in around 68% of the world populations, causing 23 

lactose intolerance (LI) symptoms such as abdominal pain, bloating and diarrhoea. To 24 

alleviate LI, previous studies mainly focused on strengthening intestinal β-galactosidase 25 

activity but neglected the inconspicuous colon pH drop caused by gut microbes’ fermentation 26 

on non-hydrolysed lactose. The colon pH drop will reduce intestinal β-galactosidase activity 27 

and influence the intestinal homeostasis.  28 

Results: Here, we synthesized a tri-stable-switch circuit equipped with high β-galactosidase 29 

activity and pH rescue ability. This circuit can switch in functionality between expression of 30 

β-galactosidase and expression of l-lactate dehydrogenase in respond to intestinal lactose 31 

signal and intestinal pH signal. We confirmed the circuit functionality was efficient using 12-32 

hrs in vitro culture at a range of pH levels, as well as 6-hrs in vivo simulations in mice colon. 33 

Moreover, another 21-days mice trial indicated that this circuit can recover lactose-effected 34 

gut microbiota of mice to the status (enterotypes) similar to that of mice without lactose 35 

intake.  36 

Conclusions: Taken together, the tri-stable-switch circuit can serve as a promising prototype 37 

for LI symptoms relief, especially by flexibly adapting to environmental variation, stabilizing 38 

colon pH and restoring gut microbiota. 39 

Key words: Lactose intolerance, Genetic engineering, Synthetic biology, Gut microbiota, In 40 

vitro simulation, In vivo assessment 41 
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Introduction 43 

The lactose malabsorption, defined as the inefficient absorption of lactose was reported to has 44 

a global prevalence of 68%, which ranges from 28% in western, southern, and northern 45 

Europe to 64% in Asia and 70% in the Middle East [1]. The regional prevalence is extremely 46 

high in several countries requiring an efficient therapies such as 80% in Colombia (America), 47 

85% in China (Asia), 98% in Armenia (Europe), 100% in South Korea (Asia), Yeman 48 

(Middle East), and Ghana (Sub-Saharan Africa) [1]. Lactose intolerance (LI) symptoms, 49 

defined as the presence of gastrointestinal symptoms caused by lactose malabsorption in the 50 

small intestine, will occur when non-hydrolysed lactose flows into the colon as the bacteria 51 

substrate [1, 2]. This non-hydrolysed lactose brings a high osmotic load into the colon 52 

luminal contents, which leads to increased water and electrolytes followed by softening stool, 53 

thus causing abdominal pain and cramps [3]. Meanwhile, this lactose can be fermented into 54 

lactic acid and other short chain fatty acids with gaseous products such as hydrogen, CH4, 55 

and carbon dioxide, thus causing flatulence and diarrhoea [3, 4]. 56 

The current treatments for LI mainly include dietary control, enzyme replacement and 57 

probiotic supplement. For dietary control, the moderation or restriction of lactose intake is 58 

recommended to relieve symptoms [5–7], which impacts people’s enjoyment of dairy 59 

products. Additionally, a recent study found that the administration of the highly purified 60 

short-chain galactooligosaccharide can help to adjust gut microbiome to improve the LI [8]. 61 

Enzyme replacement is another important approach for large populations of LI individuals 62 

[9]. The intake of exogenous lactase may help lactose digestion and absorption for LI 63 
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subjects, but its efficacy still lacks convincing evidence [2]. Compared to short-acting 64 

enzyme replacement, probiotic supplements have an advantage in their sustainability [10] and 65 

a certain number of studies have confirmed that they can alleviate LI [11–13]. The key 66 

function of the probiotic is to enhance the intestinal β-galactosidase (β-GAL) activity of LI 67 

individuals for lactose digestion. In addition, the endogenous β-GAL produced by the 68 

probiotic is able to persist in a more stable manner in the intestine. However, the 69 

conventional bacteria cannot deal with the pH drop caused by fermentation of gut microbiota. 70 

The pH drop would not only cause physical discomfort such as diarrhoea, but also probably 71 

reduce the β-GAL activity [14, 15], and influence the intestinal homeostasis. 72 

Genetical engineering, which can make the precise control over genome sequence [16], 73 

might be the solution for the pH drop problem faced by non-modified bacteria. Current 74 

designs of engineered bacteria have been confirmed as effective through the development of 75 

synthetic biology, for purposes such as infectious disease treatment [17] and cancer 76 

diagnostics [18]. Moreover, bacteria engineered by synthetic biology are believed to work 77 

more precisely and efficiently in addressing these diseases [19] compared to wild type 78 

bacteria. Previously, a recombinant starin expressing food-grade β-GAL for LI was 79 

constructed and evaluated [20, 21]. However, this engineered strain was still unable to deal 80 

with the pH drop. A stress-responsive system might make the bacteria more adaptable to the 81 

pH variation [22]. On the other hand, the influences of bacteria administration and pH drop 82 

on gut microbiota remain unclear. The influences might be understood by observing 83 

variations of gut microbiota during the lactose intake and bacteria administration phases. 84 
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In this study, we firstly designed and constructed a tri-stable-switch circuit using synthetic 85 

biology in the plasmid pet-28a-1 with two functional states (accumulation of β-GAL and pH 86 

rescue) in response to signals of intestinal lactose and intestinal pH variation. Secondly, we 87 

transformed the circuit into the strain Escherichia coli BL21 (E. coli BL21) to form the 88 

engineered strain BL21: pet-28a-1, which was then used to confirm the circuit functionality 89 

in vitro and in vivo. Lastly, we investigated on variation of mice gut microbiota and found 90 

that the administration of engineered strain BL21: pet-28a-1 can recover mice gut microbiota 91 

affected by excess lactose intake. 92 

 93 

Results 94 

The tri-stable-switch circuit can switch between two functionalities in response to 95 

environmental change 96 

The tri-stable-switch circuit in the plasmid pet-28a-1 (Fig. 1a, Additional file 2: Table S1 and 97 

Additional file 3) was designed based on a tri-stable switch derived from bacteriophage 98 

lambda [23]. The mutant lactose-inducible promoter placm (Additional file 2: Table S1) and 99 

pH-responsive promoter patp2 (Additional file 2: Table S1) were applied to sense the signal. 100 

The key enzymes applied within the system were the products of lacZ (β-galactosidase, β-101 

GAL) and the fusion gene ompA-lldD (L-lactate dehydrogenase, L-LDH). To confirm the 102 

functionality of the circuit, we choose the strain Escherichia coli BL21 as the chassis which 103 

has been commonly used for stable expression of nontoxic exogenous protein. The circuit 104 

was transformed into the strain Escherichia coli BL21 (E. coli BL21) to form the engineered 105 
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strain BL21: pet-28a-1. BL21: pet-28a-1 was then able to dynamically switch between two 106 

functional states, which was regulated by lactose signal and pH signal: accumulation of β-107 

GAL to digest lactose, and expression of L-LDH to rescue pH drop. 108 

BL21: pet-28a-1 can accumulate β-GAL after it colonized the colon (Fig. 1b). The mean 109 

pH of 7.0 in the human colon [24], as a signal, maintained continuous cI expression by 110 

inducing promoter patp2. The cI expression, which could hinder the transcripts of the gene 111 

after pR [25], then suppressed expression of ompA-lldD and cIII, thus ceasing the function of 112 

pH rescue. At this moment, the engineered bacteria would focus on the expression of the lacZ 113 

and accumulate β-GAL for supplementary lactose digestion when unabsorbed lactose fluxed 114 

into the colon. 115 

BL21: pet-28a-1 would gradually switch from lacZ expression to ompA-lldD expression 116 

after lactose fluxed into the colon (Fig. 1c). On the one hand, the lactose as a signal would 117 

trigger the promoter placm, thus activating the positive feedback loop of pRE, cro and cII. 118 

The cro expression then began to suppress the lacZ expression after the pRM through binding 119 

to its binding site [25]. Additionally, the cro expression can be strengthened by the cII 120 

expression. Nevertheless, owing to the suppression on the cII expression by endogenous Ftsh 121 

expression [26], this strengthening was suppressed to a certain degree. On the other hand, 122 

fermentation of lactose by gut microbiota would produce lactic acid and other short chain 123 

fatty acids, leading to acute drop of pH in the colon. This pH drop would weaken the patp2, 124 

suppressing the cI expression. However, the previous expressed products of cI would still 125 

suppress the expression of ompA-lldD and cIII to a certain degree, the suppression of which 126 
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would gradually diminish because of degradation of these products. Hence the ompA-lldD 127 

expression would gradually recover to a normal condition, producing a signal peptide [27] 128 

andL-LDH [28, 29], which would be translocated on the cell membrane to transform lactic 129 

acid to pyruvate in the periplasm. In the meantime, the gradually recovered cIII expression 130 

would eliminate the suppression on cII expression by suppressing endogenous expressed Ftsh 131 

[26]. The unsuppressed cII expression then strengthened the cro expression, thus accelerating 132 

the cease of lacZ expression. Together, at the beginning of the period when lactose fluxed 133 

into the colon, the whole system was in an intermediate state of double functions. This was 134 

caused by the signals brought activation and deactivation of the pathways as well as the 135 

remained products such as repressor proteins which were not timely degraded. 136 

Once these products were degraded, the BL21: pet-28a-1 would then focus on ompA-lldD 137 

expression (Fig. 1d). The suppression on expression of cIII and ompA-lldD would be 138 

removed. On the one hand, constitutively expression of cIII eliminated the suppression on cII 139 

expression by endogenous expressed Ftsh, thus keeping lactose-activated positive feedback 140 

loop working to cease the lacZ expression. On the other hand, the ompA-lldD expression kept 141 

producing efficient signal peptides andL-LDH to transform lactic acid to pyruvate to rescue 142 

the pH drop (Fig. 1e). Afterwards, the pyruvate was transported into the cell by its carrier 143 

protein [30, 31] for the tricarboxylic acid (TCA) cycle [32]. Together, in this round of lactose 144 

intake, the engineered bacteria finished the lactose digestion as well as pH rescue. 145 
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BL21: pet-28a-1 would subsequently switch to β-GAL accumulation for the next round of 146 

lactose ingestion. In this way, the BL21: pet-28a-1 would switch back and forth in response 147 

to pulsed lactose intake. 148 

The tri-stable-switch circuit was efficient under a range of pH simulation in vitro 149 

The promoters and transcriptional factors of the circuit have been tested by fluorescence 150 

detection (Additional file 1: Supplementary methods, Additional file 2: Table S2 and Table 151 

S3). We then tested whether the whole circuit can work effectively in vitro and in vivo. In the 152 

in vitro experiment (Fig. 2), we prepared mediums of three pH sets with 0.1% lactic acid and 153 

1% lactose (Additional file 1: Supplementary methods) to simulate the pH range of acidic 154 

conditions caused by excess lactose intake in the human colon, whose normal pH is around 7 155 

[24], as well as the mice colon, whose normal pH is around 5 [33]. Three pH sets included 156 

pH set I (initial pH = 4.54 ± 0.012), pH set II (initial pH = 5.34 ± 0.02), and pH set III (initial 157 

pH = 6.25 ± 0.02). 158 

We subsequently recorded the variation of pH values and the expressed enzyme activity 159 

(Additional file 2: Table S5) during the following 12-hrs culturing of the bacteria at three pH 160 

levels, including the control strain (BL21: pet-28a-0) and the test strain (BL21: pet-28a-1). In 161 

addition, the control strain BL21: pet-28a-0 (Additional file 4) was the E. coli BL21 162 

transformed with empty vector. As was shown in Fig. 2a, pH values of the control culture and 163 

the test culture begin to increase at 6h. The increase of pH in the control culture was mainly 164 

associated with two processes including the metabolism of the massive increase of the 165 

bacteria and the consumption of the medium, while there was another additional process in 166 
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the test culture that the expressed L-LDH helped to digest the lactic acid to increase pH. The 167 

additionally increased pH caused by L-LDH process was evident in the pH set I: The pH of 168 

the test culture increased to a higher degree than that of the control culture (test culture: 4.54 169 

± 0.02 to 5.31 ± 0.075; control culture: 4.54 ± 0.01 to 4.9 ± 0.072). The additionally 170 

increased pH in the test culture was observed in the pH set II and III as well, though not as 171 

obvious as that in the pH set I.  172 

As was shown in Fig. 2b and c, the β-GAL activity and L-LDH activity of the test group 173 

were higher than those of the control group, which was caused by the expression of the lacZ 174 

gene and ompA-lldD gene of the circuit in the BL21: pet-28a-1. Before 4h, the measures for 175 

enzyme activity was unavailable because of the minimal amount of bacteria. After 4-hrs 176 

culturing, the β-GAL activity of the test group kept increasing stably in all three pH sets. In 177 

addition, from 8h to 10h in pH set II and pH set III, the β-GAL activity of the test group 178 

increased to the greatest extent and later flattened. In the other hand, the L-LDH activity of 179 

test group began to decrease in pH set II and pH set III after 10-hrs culturing. The 180 

corresponding pH range of the test group during 8h to 10h was 6.43 ± 0.10 to 7.23 ± 0.07 in 181 

pH set II, and 6.58 ± 0.03 to 7.34 ± 0.07 in pH set III, which meant that the switch of the 182 

functionality of the circuit was completed in this pH range. These results suggested that the 183 

relatively low pH promoted the L-LDH expression of the circuit to remove the lactic acid for 184 

increasing pH, and the increased pH can make the circuit begin to switch gradually from L-185 

LDH expression to β-GAL expression, which would be completed in a pH range close to a 186 

neutral condition. 187 
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The tri-stable-switch circuit helped mice to recover the pH drop caused by excess 188 

lactose intake 189 

The in vitro experiment has confirmed the theoretical feasibility of the tri-stable-switch 190 

circuit to alleviate LI by switching between β-GAL expression and L-LDH expression, while 191 

whether it can work in in vivo still remained unclear. We thus recruited 84 mice, divided into 192 

five groups including the Initial set (n = 4), the Untreated group (n = 20), the Model group (n 193 

= 20), the Control group (n = 20), and the Test group (n = 20) to investigate on how the 194 

circuit worked in vivo. As was shown in Fig. 3a, in the first one week, mice in the Control 195 

group and the Test group were daily administrated with bacteria (BL21: pet-28a-0 in the 196 

Control group, BL21: pet-28a-1 in the Test group. OD600 = 1) in a total volume of 0.3 mL 197 

0.9% NS suspension. The bacteria have been confirmed to colonize the mice colon, which 198 

can last at least 24 hrs (Additional file 1: Supplementary methods). Other groups were daily 199 

administrated with the same volume of NS. At 0h, mice of the Initial set were killed to test 200 

colon pH values as the pH value at 0h for all groups, and mice of other four groups were 201 

administrated with the lactose solution (12 mg of lactose per 20 g of body weight). In the 202 

following six hrs, the pH values of mice colons of the remained four groups were tested at 203 

each time point (Additional file 2: Table S6), and then plotted in Fig. 3b to show the pH 204 

variation. It was observed that the colon pH value of the Model group and the Control group 205 

evidently decreased to 4.66 ± 0.15 and 4.72 ± 0.25 from 0h to 3h, respectively, and then 206 

recovered to 4.89 ± 0.24 and 4.94 ± 0.1 from 0h to 3h, respectively. However, the colon pH 207 

value of the Untreated group without lactose intake, and the colon pH of the Test group using 208 
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BL21: pet-28a-1 kept relatively stable. Notably, during 2h to 4h, more colon lactose in Test 209 

mice was transformed to glucose rather than lactate, as compared to Model mice (Additional 210 

file 1: Supplementary methods). Therefore, these results indicate that the tri-stable-switch 211 

circuit is able to prevent the mice colon from pH drop caused by excess lactose intake, 212 

helping to keep intestinal homeostasis and relieve LI. 213 

The tri-stable-switch circuit helped mice gut microbiota recovery from the effects of 214 

excess lactose intake 215 

To trace the effects of the engineered bacteria equipped with the tri-stable-switch circuit on 216 

mice gut microbiota, we conducted a time-series trial with the high-frequency sampling of 217 

mice fecal samples (Additional file 2: Table S7). As was shown in Fig. 4a, four groups of 218 

mice (the Untreated group, the Model group, the Control group and the Test group) were 219 

under different interventions. The trial lasted for 21 days, divided into the four phases: 220 

normal care (Phase I), lactose challenge (Phase II), bacterial treatment (Phase III) and 221 

restoration (Phase IV). For Phase I, during which the four groups received normal care, the 222 

objective was to stabilize the physical signs and gut microbiota of mice in the four groups. 223 

For Phase II, during which lactose was fed to the Model, Control and Test mice, the objective 224 

was to investigate the influence of excess lactose. Phase III, in which the BL21: pet-28a-1 225 

was fed to the Test group while empty-vector-containing BL21: pet-28a-0 used for mice in 226 

the Control group, was used to determine whether the BL21: pet-28a-1 can alleviate LI . In 227 

Phase IV, we intended to observe whether the bacteria caused any side effects in the host 228 

mice. 229 
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Assigning enterotypes is a way to describe and differentiate the variance of gut 230 

microbiota, by stratifying gut samples according to their microbial composition [34]. Two 231 

enterotypes were firstly identified using all the samples of mice gut microbiota (Fig. 4b), 232 

which were statistically validated by CH and SI index (Additional file 2: Table S9). Two 233 

enterotypes were evidently different in microbial composition at the taxonomic levels of 234 

phylum, class, order, family, and genus (Additional file 2: Table S10). Compared to the 235 

samples of enterotype I, the samples of enterotype II displayed lower bacterial richness (P 236 

value < 2.20 × 10-16, Mann-Whitney-Wilcoxon test). Additionally, in the lower-richness 237 

enterotype II, the proportion of Firmicutes was reduced (P value = 1.60 × 10-13, Mann-238 

Whitney-Wilcoxon test), while the proportion of Bacteroidetes was increased (P value = 1.16 239 

× 1015, Mann-Whitney-Wilcoxon test). The characteristics of these identified mice 240 

enterotypes were consistent with those reported in a previous study [35]. 241 

More interestingly, the dynamics of the mice gut microbiota differed among the four trial 242 

groups over the 21-day (four phases) trial (Fig .4b and c). During Phase I, the microbiota of 243 

the gut samples from all the groups were of the enterotype I. At days 5 and 7 (Phase II: 244 

lactose challenge), most of the microbiota in the gut samples from the Untreated group 245 

trended towards the enterotype II, while the ones in the other groups under lactose treatment 246 

mostly remained in enterotype I. On days 11 and 13 (Phase III: bacteria treatment), the 247 

microbiota in samples from the Untreated group still trended towards enterotype II, while the 248 

ones in the Model and Control groups were restricted to enterotype I. However, the 249 

microbiota of the gut samples from the Test group using the BL21: pet-28a-1 in this phase 250 
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were mostly in the enterotype II area, with an obvious time lag observed between the Test 251 

and Untreated groups. All the microbiota in the gut samples from the four groups finally 252 

turned back to enterotype I after normal care during Phase IV. These different dynamic 253 

patterns fit well with the data from the mouse weight index recorded during the trials, that the 254 

bacteria-treated mice were rescued from LI-induced weight loss (Additional file 1: 255 

Supplementary methods, Additional file 2: Table S8). Taken together, these results indicated 256 

that the engineered bacteria was able to rescue the gut microbiota in the Test group to the 257 

patterns similar to those of the Untreated group. 258 

Moreover, at the phylum level (Fig. 4d), when lactose was administrated to mice during 259 

Phase II, the proportion of Bacteroidetes was reduced in the Model, Control and Test groups. 260 

Nevertheless, during Phase III, the abundance of Bacteroidetes in the Test group was rescued 261 

to reach the same level (> 0.8) as the one in the Untreated group during Phase II. 262 

Furthermore, a variation pattern at genus level of the Test group was observed to be similar to 263 

that of the Untreated group after a time lag as well (Additional file 1: Supplementary 264 

methods). We then displayed the network of the top 10 abundant genera (Fig. 4e). The genus 265 

Lactobacillus, as well as the genus Bacteroides was the most abundant (Additional file 2: 266 

Table S10) and the most discriminant biomarker (Additional file 1: Supplementary methods) 267 

of the enterotype I and enterotype II, respectively. These two genera were observed to be 268 

negatively correlated (P value = 1.90 × 10-10, Kendall's tau statistic). Therefore, the growth of 269 

the genus Lactobacillus, induced by the excess lactose intake might play a role in inhibiting 270 

the growth of the genus Bacteroides and the dynamic switch to enterotype II in the Phase II 271 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted September 15, 2020. ; https://doi.org/10.1101/2020.09.15.297564doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.15.297564


 14 

and III, which should have happened in a normal condition as observed in the Untreated 272 

group. The administration of the BL21: pet-28a-1 helped the mice of the Test group to 273 

remove this inhibition so that their gut microbiota can continue to proceed the enterotype 274 

switch in Phase III, just like the mice gut microbiota of the Untreated group have done in 275 

Phase II. 276 

Discussion 277 

In this study, we designed a tri-stable-switch circuit with ability of β-GAL accumulation and 278 

pH rescue. The engineered bacteria equipped with this circuit can flexibly adapt to the 279 

variation of intestinal environment, thus timely digesting lactose and rescuing the intestinal 280 

pH drop, along with the recovery of gut microbiota affected by excess lactose intake. We 281 

believe using engineered bacteria equipped with this tri-stable-switch circuit can serve as a 282 

promising therapeutic method for LI. 283 

The tri-stable-switch circuit makes up the defect of non-modified bacteria by not only 284 

digesting lactose, but also enabling an additional function of pH rescue. The pH drop caused 285 

by fermentation of gut microbiota would not only cause diarrhoea, but also reduce the 286 

activity of the intestinal β-GAL and the intestinal homeostasis. Therefore, the tri-stable-287 

switch circuit was designed to response to the signals of pH and lactose concentration, and 288 

then dynamically switch between two functional states: accumulation of β-GAL and pH 289 

rescue. The accumulation of β-GAL can help to digest lactose with high efficiency; 290 

meanwhile the pH rescue function helps to keep the intestinal homeostasis, giving engineered 291 
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bacteria with this circuit better adaptability to intestinal environment than non-modified 292 

bacteria. These two functions have been confirmed in our in vitro and in vivo test. 293 

Interestingly, in a 21-days in vivo mice trial, the engineered bacteria with the tri-stable-294 

switch circuit was demonstrated to be able to recover the mice gut microbiota from the 295 

effects of excess lactose intake. During the trial, mice gut microbiota was influenced and 296 

could provide feedback to the environmental changes: The fermentation of unabsorbed 297 

lactose by gut microbiota produced acids and gas, leading to pH drop in the colon. This 298 

change of the environment in the colon would affect the gut microbiota in return. On the 299 

other hand, colonization of engineered bacteria affected the microbiota through microbial 300 

interactions, and its expressed products would also influence the intestinal environment. To 301 

explore the patterns of gut microbiota variation, we firstly identified two enterotypes based 302 

on the stratification of mice gut microbiota, and then we used the boundary of these two 303 

enterotypes as a threshold to identify the degree of variation in the microbiota. The most 304 

significant difference between the Untreated groups and other groups was found during Phase 305 

II (lactose challenge): when most of the mice microbiota samples in the Untreated group 306 

trended towards the enterotype II area, the ones from other groups seemed to be suppressed 307 

in the enterotype I area. This suppression might be caused by the intake of excess lactose. 308 

However, the suppression on the Test samples was subsequently removed by the feeding of 309 

our engineered bacteria during Phase III (bacteria treatment). 310 

This study also has limitations. First, this study mainly underscores the design of the tri-311 

stable-switch circuit and the confirmation of its functionality. Hence, for this purpose, the 312 
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used Escherichia coli BL21 strain would be proper for functionality confirmation of a 313 

prototype rather than for the therapeutic intention. To apply this tri-stable-switch circuit to 314 

human still needs more sophisticated studies to find a proper chassis and ensure safety. 315 

Second, it has already been realized that the pH of the mice colon is lower than that of human 316 

colon. The switch of the tri-stable-switch circuit is completed in a pH range close to a normal 317 

condition, which better fits in human intestine. Nevertheless, in the in vitro experiment under 318 

a broad range of pH set, we have observed that it can still work well under a lower pH 319 

condition during the gradual process of the switch. Thirdly, the 16S rRNA gene sequencing 320 

cannot classify some potentially important gut microbes to the species level, the strain level, 321 

and the gene level. Nevertheless, the observed macroscopic trend of the gut microbiota 322 

variation has confirmed the recovery effects of the circuit, though the explanation of this 323 

trend still needs further investigations. 324 

 325 

Methods 326 

Experimental design 327 

The gene sequences of the tri-stable-switch circuit were firstly synthesized by Integrated 328 

DNA Technologies and assembled by 3A assembly. The 3A-assembled intermediate parts 329 

were then assembled using In-Fusion. The circuit was transformed into the E. coli BL21 for 330 

the following in vitro and in vivo experiments. In vitro experiments were designed to 331 

investigate on the variation of pH value, variation of β-galactosidase (β-GAL) activity, and 332 

variation of l-lactate dehydrogenase (L-LDH) activity of the bacterial culture under different 333 
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pH levels. In vivo experiments were designed to investigate on the variation of pH value of 334 

the mice colon after intake of excess lactose. In addition, the sets of mice with or without 335 

administration of the engineered bacteria were used to observe the ability of pH rescue of the 336 

tri-stable-switch circuit. Another 21-days in vivo experiment was used to investigate on the 337 

gut microbiota variation of the mice after intake of excess lactose. The sets of mice with or 338 

without administration of the engineered bacteria were used to observe the effects of the tri-339 

stable-switch circuit on gut microbiota.  340 

The details of the circuit construction such as 3A assembly and fluorescence detection, the 341 

details of the in vitro experiments such as media preparation and measurements of enzyme 342 

activity, and the details of the in vivo experiments such as mice operations, 16S rRNA gene 343 

sequencing and microbiome analysis are available in the Supplementary Materials and 344 

Methods.  345 

Statistical Analysis 346 

For categorical metadata and enterotype comparisons, samples were pooled into bins 347 

(Enterotype I/Enterotype II, Day 3/Day 5/Day 7…, etc.) and significant features were 348 

identified using Mann-Whitney-Wilcoxon Test with Benjamini and Hochberg correction of P 349 

values. 350 

 351 
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Figures 489 

 490 

Fig. 1 The tri-stable-switch circuit can switch between two functionalities in response to 491 

environmental change. a The design diagram of the tri-stable switch circuit. Parts of the 492 

circuit are derived from the bacteriophage lambda. The two promoters placm and patp2 are 493 

selected for sensing the lactose and pH signals, respectively. b When the BL21: pet-28a-1 494 

colonizes in the colon with a neutral pH, lacZ is stably expressed and accumulates β-GAL 495 
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intracellularly. c When a flux of unabsorbed lactose occurs in the colon, the system switches 496 

to a transition state in response to lactose and pH signals. The expression of ompA-lldD for L-497 

lactate dehydrogenase is strengthened and the expression of lacZ is weakened. d The system 498 

then focuses on expression of ompA-lldD. e The fermentation of lactose by gut microbiota 499 

causes pH drop, while the expressed L-lactate dehydrogenase can transform lactic acid into 500 

pyruvate, thus recovering the pH. The pyruvate then permeates into the cell for TCA 501 

pathway. 502 

 503 

 504 

Fig. 2 The tri-stable-switch circuit was efficient under a range of pH simulation in vitro. a 505 

The mean ± s.e.m. of pH variation during 12 hrs of the cultures of the bacteria grown at 506 
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different set of pH. b The mean ± s.e.m. of β-GAL activity during 12 hrs of the cultures of 507 

the bacteria grown at different set of pH. c The mean ± s.e.m. of l-lactate dehydrogenase 508 

activity during 12 hrs of the cultures of the bacteria grown at different set of pH. In all panels, 509 

the control culture (BL21: pet-28a-0) is colored in orange, while the test culture (BL21: pet-510 

28a-1) is colored in blue. 511 

 512 

 513 

Fig. 3 The tri-stable-switch circuit helped mice to recover the pH drop caused by excess 514 

lactose intake. a Five groups of mice including the Initial set (n = 4), the Untreated group (n 515 

= 20), the Control group (n = 20), the Test group (n = 20) were firstly subjected to different 516 

operations in one week. Mice in the Control group and the Test group were daily 517 

administrated with bacteria (BL21: pet-28a-0 in the Control group, BL21: pet-28a-1 in the 518 

Test group. OD600 = 1) in a total volume of 0.3 mL 0.9% NS suspension. Other groups were 519 

daily administrated with the same volume of 0.9% NS. At the time point of 0h, mice of the 520 

Initial set were killed for pH measures, and mice of other four groups were administrated 521 

with the lactose solution (12 mg of lactose per 20 g of body weight). In the following 6 hrs, 522 

four mice of each group were killed at each time point for pH measures. b The mean ± s.d. of 523 
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pH variation of the mice colon during 6 hrs. The Initial set is designated as the initial point of 524 

four other groups. The pH variation of different groups is coloured differently. 525 

 526 
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Fig. 4 The tri-stable-switch circuit helped mice gut microbiota recovery from the effects of 527 

excess lactose intake. a The design of the mice trial for gut microbiota profiling (Detailed 528 

operations are available in the Additional file 1: Supplementary methods). b Top panel: 529 

Individual mice gut microbiota composition in the Untreated group (54 samples), Model 530 

group (55 samples), Control group (53 samples), and Test group (59 samples), stratified into 531 

two enterotypes and plotted on a JSD PCoA plot. The shaded ellipses represent an 80% 532 

confidence interval. The dotted ellipse borders represent a 95% confidence interval. Bottom 533 

panel: The gut microbiota samples are plotted according to their collection date on the y axis 534 

over 21 days, and their position on the x axis is plotted according to their first principal 535 

coordinate in the JSD-based PCoA (top panel). A Loess regression is applied to these points 536 

using the collection date and PCo1 coordinates, and the curves are plotted in different colors 537 

according to their groups, with a 95% pointwise confidence interval band in the gray shade. 538 

The dashed line is plotted to divide the area of the two enterotypes. c The mean ± s.e.m. of 539 

PCo1 coordinates from the four trial groups across 21 days. The dashed line represents the 540 

position on the x axis that divides the areas of the two enterotypes. A delayed shift to 541 

Enterotype II was observed in the Test group. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not 542 

significant. Mann-Whitney-Wilcoxon Test. d The taxonomic variation of the mean relative 543 

abundance at the phylum level among four groups over the 21 days are shown in a stream 544 

graph. The dashed line represents a mean relative abundance of 0.8. e The network is 545 

constructed using the top ten abundant genera, based on the Kendall correlation with p value 546 

< 0.5 (Kendall's tau statistic test) and q value < 0.5 (Benjamini and Hochberg corrections). 547 
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The size of the node represents the mean abundance among enterotype I samples (top panel) 548 

or enterotype II samples (bottom panel). The color of the node represents the enterotype 549 

where the genus is more abundant. The asterisk refers to the most discriminant genus. The 550 

color of the edge represents the positive (red) or negative (blue) correlation. 551 

 552 
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