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SpaE), and backbone (SpaA and SpaD) pilin-proteins, and as well a C-type sortase enzyme (SrtC1 and
SrtC2). On the other hand, the genome of the L. rhamnosusLC705 dairy starter strain was observed
to contain the genes for only the spaFEDpilus operon. Moreover, an examination of the deduced
primary structure from the corresponding pilus operon genes had con�rmed that each of the SpaCBA
and SpaFED pilins contains the characteristic conserved sequence motifs and domains of a typical
Gram-positive pilin subunit (see Table 1). Incidentally, the “Spa” pre�x given to the names of the
L. rhamnosuspili was adapted from the nomenclature used for designating each of the pilus types in C.
diphtheriaeand this corresponds to sortase-mediated pilus assembly [88].

Table 1. Overview of conserved amino acid sequence motifs and domains in the lactobacillar SpaCBA,
SpaFED, and LrpCBA pilin subunits. *

Primary Structure Feature Tip Pilin Subunit

N-terminal secretory domain
MTAKVARTGHLFAVLLILMSMLTGLVTSGSSVVT (SpaC)
LPRKWIHMLMLLLMLVTQIGSA (SpaF)
MERNKIFKKLLCILGAVATVFAIVFAMGKFDGEKANA (LrpC)

C-terminal LPXTG domain
LPHTGGQGYQRLLGIALGLISAAFLLLLVVLIKRRVVKQHD (SpaC)
LPKTGGSGILLFLMVAISACGGGWLLYLYLKRKEAR (SpaF)
LPQTGGPGRLLFEALGSLLIVVACALTEVLIWRRIRSSKGV (LrpC)

Pilin motif
not detected (SpaC)
not detected (SpaF)
not detected (LrpC)

E-box
YGIQEAAAPTGY and YTMSETKAPDGY (SpaC)
YRLTETKAPAGF (SpaF)
YKLVETRTQSGY (LrpC)

Primary Structure Feature Basal Pilin Subunit

N-terminal secretory domain
MTKSFRPLVILTFCLALLVSLATTTLQQTQA (SpaB)
MRRFYWWLVPLLLLIGIVLGNTPHWVHA (SpaE)
MKRVLKLLFMIVAFMTAVFAGSGQASA (LrpB)

C-terminal LPXTG domain
LPQTGDTVAAWLSVLGLIIFATVLAFNIKNQKINKWER (SpaB)
LPAMSDWRNLRFVLLGSLLLLLATYFFIKNKKARHHACK (SpaE)
LPQTGEAKSIMALLGIGIICLVVLVSVGRRNYKEEH (LrpB)

Pilin motif
TADFWQLVSKN (SpaB)
PLQTIHLYPKN (SpaE)
FPLGGQSYAKN (LrpB)

E-box
YLFKETAAPKNI (SpaB)
YFFEELQGVPGY (SpaE)
YYFSEVQAPKGY (LrpB)

Primary Structure Feature Backbone Pilin Subunit

N-terminal secretory domain
MKKTIAKKVLTLTSTILMTLLMVLGFNGTRVQA (SpaA)
MQVTFKKIGHSLLAALMLMSFLLPLLSAGKPVHA (SpaD)
MKNHKKLRNALATLLLALPLALQGAVGVKTAQA (LrpA)

C-terminal LPXTG domain
LPHTGGTGTVIFAILGVALIAFGAVAYRKRRNGF (SpaA)
LPMTGGIGLFAFLMIGAILMGGGHLMKKKTSKKV (SpaD)
LPSTGGMGIVLFIAAGVVVMAGAAGTMIVRRNRRENI (LrpA)

Pilin motif
ADGNVYVYPKN (SpaA)
DLTNIHLYPKD (SpaD)
VQKSINIYPKN (LrpA)

E-box
YLFHETNPRAGY and YTAVETNVPDGY (SpaA)
YAFHEAVTPQPY and YTLVETAAPEGY (SpaD)
YLFAETDAPANI and YAVKEVKAPTGY (LrpA)

* Sequence motifs and domains for the pilin subunits are based on the deduced primary structure from the pilus
operon genes in the L. rhamnosusGG (spaCBAand spaFED) and L. ruminis ATCC 25644 (lrpCBA) strains.



levels of depressive symptoms throughout pregnancy (Akaike Information Criterion =

147821.10, sample-size-adjusted Bayesian Information Criterion = 147920.30, Vuong-Lo-

Mendell-Rubin LRT and Lo-Mendell-Rubin-adjusted likelihood ratio test �-values < 0.001).

For the two latent profile groups, the percentage of women with data on all 14 measurement

points compared to the ones with at least one missing value was not significantly different

(50.9% in the low and 45.9% in the high depressive symptom level group had all 14 measure-

ment points, � = 0.051 for group difference). Fig 1 (Panels B and C) also shows that child

Fig 1. Latent profile analysis showing the most optimal, two group, solution of mothers with

consistently low and high scores on the Center of Epidemiological Studies Depression Scale (CES-D)

throughout pregnancy (Panel A), and the child’s behavioural symptoms of attention-deficit/

hyperactivity disorder on the Conners’ Hyperactivity Index (CHI) estimated marginal mean scores

(Panel B), and proportion of children with scores above the clinical cutoff (10) in the CHI (Panel C).

Error bars refer to the 95% Confidence Intervals (95% CI), and numbers to mean difference (MD) (Panel B)

and odds ratio (OR) (Panel C) and their 95% CIs in model 1, and p-values to models 1–5. For different

adjustment models, please see footnote in Table 1.

https://doi.org/10.1371/journal.pone.0190248.g001
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ADHD symptoms and the proportion of and odds of children with clinically significant

ADHD symptoms were higher in the group of women who had consistently high depressive

symptoms throughout pregnancy.

Further, higher maternal biweekly, trimester-specific (S3 Table) and trimester-weighted

mean depressive symptom scores (Table 1) were significantly associated with higher ADHD

symptom scores and higher odds for clinically significant ADHD symptoms (Table 1) in chil-

dren. These associations were significant across all adjustment models with all covariates,

including maternal ADHD symptoms.

Additive effects of maternal depressive symptoms during and after

pregnancy on child ADHD symptoms

Fig 2 (Panels A and B) shows that maternal depressive symptoms after pregnancy added to the

effect of maternal depressive symptoms during pregnancy (both ��values for interactions = 0.03

for depressive symptoms during pregnancy� depressive symptoms after pregnancy interaction

on child continuous and clinically significant ADHD symptoms scores). Across all adjustment

models, child ADHD symptom scores and proportion of children with clinically significant

symptoms were the highest if the mother reported depressive symptoms above the clinical cut-

off both during and after pregnancy (Fig 2).

Mediation of maternal depressive symptoms during pregnancy on child

ADHD symptoms via maternal depressive symptoms after pregnancy

Fig 3 shows, that the effect of maternal depressive symptoms during pregnancy on child

ADHD symptoms was partially mediated via maternal depressive symptoms after pregnancy.

The model also shows that maternal depressive symptoms during pregnancy still had a direct

and significant effect on child ADHD symptoms after adjusting for depressive symptoms after

pregnancy. Together, depressive symptoms during and after pregnancy accounted for 11.4%

of the variation of the child’s ADHD symptoms.

Table 1. Association between maternal depressive symptoms during pregnancy and child behavioural symptoms of attention-deficit/hyperactiv-

ity disorder on the Conners’ Hyperactivity Index at age 3.5 years.

Maternal Center of Epidemiological Studies Depression

Scale trimester-weighted mean score during pregnancy

Child’s Conners’

Hyperactivity Index Sum

score

Child’s Conners’ Hyperactivity

Index Sum score�10

B (95%CI) p OR (95%CI) p

Model 1 0.26 (0.22, 0.31) <0.001 1.83 (1.62, 2.08) <0.001

Model 2 0.25 (0.21, 0.30) <0.001 1.85 (1.62, 2.11) <0.001

Model 3 0.26 (0.21, 0.30) <0.001 1.86 (1.63, 2.12) <0.001

Model 4 0.24 (0.20, 0.29) <0.001 1.77 (1.55, 2.03) <0.001

Model 5 0.15 (0.10, 0.20) <0.001 1.49 (1.29, 1.73) <0.001

B indicates the Standard Deviation (SD) increase in child ADHD symptoms when maternal depressive symptoms increase by 1 SD.

OR (Odds Ratio) indicates the risk of clinically significant ADHD symptoms per 1 SD unit increase in maternal depressive symptoms during pregnancy.

Model 1: adjusted for child sex and age at follow-up

Model 2: adjusted for model 1 + maternal age at childbirth, parity, family structure, education level, type 1 diabetes, pre-pregnancy/chronic hypertension,

history of physician-diagnosed depression, antidepressant and other psychotropic medication use, alcohol use and smoking during pregnancy, and

gestation length and infant’s birthweight adjusted for sex and gestation length

Model 3: adjusted for model 2 + maternal pre-pregnancy obesity, gestational diabetes, gestational hypertension and pre-eclampsia

Model 4: adjusted for model 3 + maternal ADHD problems

Model 5: adjusted for model 4 + maternal depressive symptoms after pregnancy

https://doi.org/10.1371/journal.pone.0190248.t001
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Fig 2. Estimated marginal means (Panel A) of the child’s behavioural symptoms of attention-deficit/hyperactivity

disorder on the Conners’ Hyperactivity Index (CHI) and proportion of children with scores above the clinical cutoff

(�10) in the CHI (Panel B) according to the maternal Center of Epidemiological Studies Depression Scale (CES-D)

trimester-weighted mean score (�16) during pregnancy and Beck Depression Inventory-II (BDI-II) sum score (�14)

after pregnancy above and below the clinical cutoffs. Error bars refer to 95% Confidence Intervals (95% CI), and numbers

to mean differences (MD) (Panel A) and odds ratios (OR) (Panel B) and their 95% CIs in model 1, and p-values to models 1–4.

Women who scored below the clinical cutoff in both the CES-D during pregnancy and in the BDI-II after pregnancy were used as

the comparison group. For different adjustment models, please see footnote in Table 1.

https://doi.org/10.1371/journal.pone.0190248.g002

Fig 3. Mediation model of the effects of maternal depressive symptoms during pregnancy on child’s behavioural

symptoms of attention-deficit/hyperactivity disorder on the Conners’ Hyperactivity Index via maternal depressive

symptoms after pregnancy. Numbers refer to unstandardized regression coefficients (B) and their 95% Confidence Intervals from

models adjusted for child’s age and sex, and to the proportion (R2) maternal depressive symptoms during and after pregnancy

explain of the child’s ADHD symptoms.

https://doi.org/10.1371/journal.pone.0190248.g003
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Sensitivity analyses

S4 Table shows that maternal pre-pregnancy obesity and pregnancy disorders, child’s sex,

maternal history of physician-diagnosed depression, or maternal ADHD problems had no

effects on the findings: across all groups, the associations between maternal depressive symp-

toms during pregnancy and child ADHD symptoms were significant.

Discussion

Our study showed, first, that maternal depressive symptoms throughout pregnancy are associ-

ated with child ADHD symptoms. We also showed that maternal depressive symptoms during

pregnancy were highly stable, and children of mothers with consistently high depressive symp-

toms during pregnancy showed higher levels of ADHD symptoms at the age of 3 to 6 years.

These children also showed a higher proportion (over 32%) and 2.8-times higher odds for clin-

ically significant ADHD symptoms. It was therefore not surprising that we found no gesta-

tion-week or trimester-specific associations between maternal depressive symptoms during

pregnancy and child ADHD symptoms. None of these associations were accounted for by a

number of perinatal, maternal and neonatal characteristics, and a series of sensitivity analyses

demonstrated that the associations did not either vary by maternal pre-pregnancy obesity,

hypertensive pregnancy disorders, or gestational diabetes, child’s sex, maternal history of phy-

sician-diagnosed depression, or maternal ADHD problems.

Our study also showed that higher levels of maternal depressive symptoms after pregnancy

were associated with higher child ADHD symptom scores. These higher levels of depressive

symptoms after pregnancy only partially accounted for the prenatal effects as maternal depres-

sive symptoms during pregnancy also had a significant direct effect on the child’s ADHD

symptoms when adjusting for the symptoms after pregnancy. They did, however, add to the

prenatal effects, such that child ADHD symptom scores and the proportion and odds of chil-

dren with clinically significant ADHD symptoms were the highest among those women with

clinically significant depressive symptoms both during and after pregnancy. Together maternal

depressive symptoms during and after pregnancy accounted for 11% of the variation in the

child’s ADHD symptoms.

Our findings correspond with the Developmental Origins of Health and Disease (DOHaD)

framework suggesting that prenatal exposure to environmental adversity may carry enduring

effects on brain developmental sequelae, including risk for ADHD symptomatology

[12,13,34]. Our findings are also in alignment with our own recent study on psychiatric behav-

iour problems [16], and the other two previous prospective studies based on the ALSPAC and

the Generation-R cohorts on child attention and hyperactivity problems [19,20] showing that

maternal depressive symptoms during pregnancy are associated with child ADHD symptoms.

Also in alignment with the ALSPAC study, our study showed that maternal depressive symp-

toms after pregnancy did not entirely account for the effects of maternal depressive symptoms

during pregnancy on child’s ADHD symptoms. In contrast, in the Generation-R study mater-

nal depressive symptoms after pregnancy rendered the prenatal effects on child attention prob-

lems non-significant [19]. While our study is to our knowledge the first to formally test for

mediation, both the ALSPAC and Generation-R findings point to mediation: the ALSPAC

findings point to partial and the Generation-R findings point to full mediation of the prenatal

depression effects via the depression effects after pregnancy.

An obvious study limitation is that we are not able to specify the brain structural or func-

tional nor biological or behavioural underlying mechanisms. Existing literature suggests that

higher maternal depressive symptoms and/or salivary cortisol levels during pregnancy are

linked with altered offspring brain structure and functional connectivity [35], and with cortical
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thinning in the right hemisphere [36]. Maternal depressive symptoms during pregnancy have

also been associated with higher mRNA levels of placental glucocorticoid and mineralocorti-

coid receptor genes [37], suggesting higher placental glucocorticoid sensitivity. Yet, another

study has shown that the risk of borderline clinically significant ADHD problems was over

3-fold in those offspring who were exposed to high levels of maternal licorice consumption

during pregnancy [38]. Glycyrrhizin, a natural constituent of licorice, is a potent inhibitor of a

placental enzyme protecting the fetus from maternal glucocorticoid excess. Emerging evidence

also suggests that inflammatory markers may be involved, as maternal depressive symptoms

and pro- and anti-inflammatory cytokines during pregnancy have been shown to be correlated

[39]. Clearly, further studies delineating the underlying mechanisms are needed.

Further study limitations relate to child ADHD symptoms being reported by the mother

only. However, Leis et al. (2014) found that the effect of maternal prenatal depression on child

hyperactivity was significant whether the child was rated by the mother or the teacher. Fur-

thermore, we measured ADHD symptoms dimensionally, and did not use diagnostic criteria,

rendering generalizations to ADHD disorder tentative. Since maternal depressive symptoms

after pregnancy were self-rated at the time of rating the child’s behaviour, and maternal

depression and child behaviour may influence each other, we cannot rule out shared method

variance. Sample attrition which was not independent of maternal characteristics also limits

the external validity of our findings.

Conclusions

Our findings show that maternal depressive symptoms during and after pregnancy are asso-

ciated with child ADHD symptomatology and suggest that early pregnancy screening and

preventive interventions focusing on maternal depressive symptoms may benefit not only

maternal, but offspring wellbeing. Preventive interventions, suited for pregnancy, are

urgently needed, as a recent meta-analysis demonstrated null to very small benefits of exist-

ing techniques in decreasing maternal distress during pregnancy [40].
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Räikkönen.
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